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THE ORBITING ASTRONOMICAL OBSERVATORY
AND THE ORBITING SOLAR OBSERVATORY
- by
Nancy G. Roman

National Aeronautics and Space Administration

The Orbiting Astronomical and the Orbiting Solar Observateric. are designed to
pemit astronomers to observe the sun, planets, stors, and galaxies from outsid; tha dis-
turbing influences of the earth's atmospheres. To undersiand why such observations are
important, let us ;eview the ways in which the atmosphere hinders our okservations.

The first slide gives a schematic map of the transmission of the atrosphere. You
notice the large and clear radio window which has beer: so importarit to astronomy in
the past two decades, and the much smaller and less clear window through which the
wave lengths to which our eyes cre sensitive are “ransmitted and in which all observa~
t'ons of astronomical bodies have been made until recsaiiy. As you see, much of the
atmosphere s completely spaque, but this does not mean that astronomical objects are
not interesting to study in these regicns of ihc atmosphere. Not only are some objects
brighte;,in the ultraviolet or the infrared regions of the spectrum, but even thuse objects
which can be studied in the normal visual or photographic region present a charged

appearance when observed in other wave length regions.
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The second slide shows three photographs of the surface of the sun. The first is
a so~called "White light" picture which shows the sun as one would see it if he proiected
its imoue cn a moderately active day on o piece of whita cardboord. The next picture is
taken in the light of the hydrogen-clpha line in the red region of the spectrum. The
third picture is taken in the light of the resonance line of ionized calcium in the violet
region of the spectrum. As you can sue, the sun of each of these pictures presents a
stiikingl; different appearance. Actuaily, in going from the first picture to the third,
you are observing the sun at increasingly higher levels in the otmosphere. By going
into the ultravizlet i+ is possible to study the sun at still higher levels and, thus, to
build up ¢ three dimensional picture of the sun und particuiarly of solar activity.

The third slide iilrtrates another reason for obsarving the sun from beyond the
earth's atmosphere. This picture of a surepot was taken with the Strotoscops i tele-
scope 1 twelve~inch telescope carried above most of the disiurbing effects of the
atmosphere.  You can see the enomous omns o detail, not only in the sunspot ilself,
but also in the mottled background. Oniy once or twice cince the sun has been ob-
served phutographically has datail as clear as this ever been obtaing.! fraun the surface
of the ground., The use of Lalicors and sareflites will make it possiti~ 1o obtain such
detail on a routine basis

The fourth slide illusticios the third disturbing influence of s« tmosphere. This
is a pitture of the sun raken duiing a solar eclipse at a time  tii« ¥ .« moon hides most
of the sun and allows us to study the coruiw or outer aimosg:tve i the sun. At other

times the bright light from the portion of the sun which thi: inorn novr covers is so
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scattered by the atmesphar of the earth that it is impossible ro observe this outer atmos=
phere. In the Orbiting Soiar Obsersatory to be launched later this year we are flying

a coronograph=-an instrument specially designed fo praduce on ortificial eclipse of the
sun, A disk blocks the light from the body of the sun just as the moon blocks the light

of the earth and pemits us to explore, on a day~to~day basis, th: outer *mosphe-e of
the sun which has previously been observable only during solur eclipses. This experiment
is being prepared by the Navol Research Laboratory.

So much for why we wish to study the sun. The next question is how do we go about
it. To do this we have designed the Orbiting Solar Observatory. This sateilite consists
of three major portions: a wheel which rotaies at the rate of thirty revoluticns per minuie
to provide a gyroscopic stabilization to the sateliite: a saii which s driven against the
wheel so that it is always pointed af the sun; and two instrument compartments, each
eight by four by thirty~two inches in size, which are rotated with the sail and can be
moved in elevat;an a short distance to point to the sun with an accuracy of approximatel
two minutes of arc. The oxis of rotation of the zotellite is maintained perpendicular to
+he sun by means of gas jets and thus it is possible for the solar cell from the snil aiways
to see tha sun with nearly ... *xinum efficiency. The wheel af the satellite contains add-
itional experiments so that, in oll, epproximately 150 pounds of experiments con be
carried on thiz 450 pourd spacecraft,

Slides six and sevein show the spacecruft under construction. in the first of these
the arms holding the gas bottles are folded down os they are during laurch so that they

fit < round the top ~f the third stage of the Delta launch vehicle and withir the Delta
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shroud. The next slide shows the spacecraft from the top while under comtruction. in
it you can ses the consttuction not only of the solar satl but also of the instrument section
in the whesl.

Afrer the satellits is 'sunched it goes throuch the sequence illustrated in slide eight.
The rocket’s third stage is spun for stubilization ond thus, when the shroud and the bocster
are ejscted, the Ocbiting Solar Chservatory itself is also spinning., The onms containing
the nitrogsn bottles are then extended, slowing the spin rate appreciably and gas jets are
1sed to siow the spin rate down to 30 rpm. Solar sensors and gas jets are then used to
point the axis of rotticn of the satellite to a direction perpendiculor te the sun and the
solar safl and instrument ssction to the sun itseli. The olservatory is then ready to operate.
An ingication of the accuracy with which the pointing wos maintained on the first of the
Orbiting Solar Observatories is illustrated in sfide nine.

The first of the Orbiting Solar Caservotories contained a number of instruments.
Of particula: interest are the results obtained with an x-ray spectrometer——one of the
instruments !n the pointed section and the most sophisticated of the imstruments carried
by the satellite. This x-ray spectrometer was built by the Solar Physics 8ranch of the
Goddard Space Flicht Center. The entrance slit allows the light from the sun to fall
on G grazing incidence grafing which forms a spectral image along the Rowland circle.
Also an the Rowland circle on exit slit allows the [ight from a narow speciral region
te fall on an open window photomitiplier. By means of a chain drive, the exit slit
and photocell together are moved back and forth along the Rowland civcle to scan the

; specirum, With this Instrament, it was possible to study the solar spectrum, in a nimber

]



of weve fengths, the behavior of two of which is illustreted in siide eleven, together with
the be' avior of some more of the more common indices of solar activity, These are the
Zurich sunspot numbers, the area of the calcium plage regions; that i<, the regions that
were bright in the light of the ionizad calcium line, and the emission of the sun in the
high frequency radic region. As you see, the fines of the highly ionized iron follow

the behavior of the more common solar activity indices quive well. Natice, hov;ever,
that the brightness of the raglons in the iron !5 line holds up from cycle to cycle while
the calcium plage area decreases. A similar effect is observed at the birth of such activa
regions. In the early stages they are brightar in the calcium line than they ore in the
iron line ralative to their strength loter in the.cycle. Thus it appears ihat higher in

tia atmosphere, wh.ore the iron lines are fumed, the intensity of the activity somewhat
logs behiiui that forther in.

Other interosting results were also obivined by GSFC by means of an x—ray ion \
chamber. In slide twelve we see illustrotions of the intensity observed with these Ma.
It is to be noted that during solar activity aot only is the total intemsity of the x~ray
emission higher but there are marked changes in this intensity during very short intervals
of time. Another interesting observation in the x-ray region is thar small micro~flares
seemed fo occur in series with increming or decreasing strength and with a predictable
relation between both the intensity and the tims lag of ecch succesding flare. If this
holds up during further information, it wiit be the first timo that we have been success=
fully oble to predict any facet of flare activity.

We will continue to use the Orbiting Solar Cbservattory type of sateliites for some--

time for 0 number of okservations of the sun rnd relcted activity, However, it is not

. lﬂ\l:'w: ,
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the ideal solar observatory. For that we would like to have a spacecroft which
sun carry ap instrumant with o much longer optical path.  Suchinstriments are
neaded for high resolution spec&ographs and high resolution imu‘g‘;s. To make use
of the imaging possibiiities we should have cccurete pointing and the ability to
scon both the entire sun und small areas of the sun. Further, we snouid have the
storage capacity fo store the information obtained from the high resolution images
and from the scans. Finally, we wouid like tu gei away from the present situction
where almost two-thirds of the scientific payload is located in the wheel and sees
the sun only briefly once every twi seconds.

Siide |4 illustrates the need of higher pointing accuracy. Although the picture
of the sun is schematic, the size of the faatures is approximctely correct. The larger
squure illustrates the pointing accuracy cf the present Orbiting Solar Observatory.
The smoll square represents the pointing accuracy of an improved version for which
we are now undertaking design studies. Pr “winary thoughts on such an instrumont
are illustrated in slide I5. The spaceciaft wili be approximately 8 to 10 feet long and
will contain instrumenss up to about 13 inches in diameter. These instruments can be
pointed anywhere wvithin 10 solar radii and scon either the entire solar image or a small
region on the surfacs of the sun or in the solar corona. Desian studies for this satellite
are presently being conducted by Republic Aviation. We hope 5 have the Advanced
Onrbiting Solar Observatory in orbit in time to study the next solar maximum.

So much for the sun, our reasons for studying, ond the spacecraft which we intend

to use for this purpose.

=
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We are also interested in studying the stars ond other celestial objects from N
beyond the disturbing atnvuspl';ere of the earth. Slide 16 iliustvates the Orion nebul.,
with which [ am sure you are all famiiiar. In this r;gion we see several of the reasors
ior studying the universe in other wave lengtis. The dark area is due to the absorpiion
by interstellar Aust which becomes increasingly transparent as we move to the red ard
inf-ared region of the spectrum. The bright region is emission nebulosity, excired by
ine light of tha very hot stars in this tegion. Not only should this emission itself be
more easiiy studied in lines in the presently inaccessible regicn of the spectrum, but
the hot stars illuminating it have most of their emission energy in this spectrum region.
Thus, to undesstand the processes in the nebula itself, we must extrapciate from the
relatively faint red tcil of the stellar energy dist:ibution to predict the energy exciting
the nebulosity. Preliminary results from our ecrly rocket flights indicate that the extra-
polations we have mode in the pust are in error. Extensive obseivations from beth rockets
and scteliites will be needed to leam the true nature of this energy distribution. Finally,
in this regiocn of space, there are apparently stars which are torming, probably from the
interstellar dust, These stors chould be very ced objects early in their lifei’mes and thus
most readily visible in the presently inaccessible infrarad region of the spectrum.

Slide 17 skows the Crab iNebula. You see here sharp red filements in a general
green backgrouna glow. The red is the emission of highly ionized forms of well~known
atems. The green light is highly polarized ond has been attributed to the synchroton

radiation from high velocity electrons moving in @ magnetic field. This object is ex-

ceedingly bright in a radio region also and it has been proposed that it is the source of
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casmic rays, in vhich cose it should be bright in the gamma ray region; the synchroton
radiation may well be bright in the x=ray region. Again, observm‘i-ons from the surface
of the earth cre impossible and are presently sadly lacking. |
Another interesting possibility in the study of ast:onomical objects from Leyond

the atrosphere is il{ustrated in slide I€, which shows the well~known red shift of
galaxies. The spectrum of the distant galaxies is shifted to the red by increasingly
groater amcunts at greater distances. Thus, the region of the nearby galaxies which
we can study eosily is in the spectra of the most di;tmt galaxies and is shifted to the
red where photographic plates and other detectors are insensitive. Conversely, thot
portion of the spectra of the distant galaxies which can be observed easily is in the
inaccessible ultroviolet in the nearby galaxies. Observations from catellite telescopes

will permit us for the first time to compare nearby end distant galaxies and thus to deter-

>

aine whuther the universu as a who!c has aged since its creation.
To answer questions such a; those | hove ruised we have designed an Orbiting ‘
Astronomicai Observatory, s shown here in slide 19. As the name in;lies, this space~
craft has been designed to make a large variety of astronomical otservations and to ca-ry
a variety of astronsmical instruments in different vercions of the some basic structure,
Experiments for three of these have already been selected. The first .areii:ie will carry
two major experiments =~four 12" telescopes to map the sky in the vitraviolet. The second
Orbitir; Astronomical Observatory will have a 36" mirror teeding light intc a spectro-
graph for medsrate dispersion studies of itars and nebulne.  The third spacecraft will also

contain a telescope ard spectrograph for ultraviolet stuaies. However, the mirror will

e
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be ordy 32" in diometer and much higher dispersion wiil ba used to pemit the study
of the narrow, weak interiteliar absorption lines.

Slide 20 shows the comstructicn of the spacecraft. An inner tube 40" in diometer
contains the basic optical system. Around the ouiside of this tube which is well-
insulated from the remainder of the spacecraft, is a serias of bays holding the space-
craft equipment and those portions of the scientific equipmest which do not need to be
in the optical section of the spacecratt. Hect produced by electronics will be radinted
to space through the cuter shel! of the spacecraft which is not iliustrated on this slide.

After the telescope is in orbit, it will determine iis direction by means of six
star trackers which can track any star brighter than second maognitude, Sefore these
star trackers con pick up the stars on which they point, however, the spacecraft must
go through a series of maneuvers which are illustcted on slide 21, Immediately after
launch, the solar puddles will be extended. Rate gyros wil'! command gas ja?s to obtain
th§ prefiminary stabilization of the satellite. it wil: be permitted to roll unti! the solar
sensor picks up the sun. Then gos jets will be used to point the solar sensors to the sun
and to roll the observatury around the satellite sun line. Incidentally, the slide is in~
correct; sunfaght will not be permitted to enter the main tube o‘ the observatory duting
this mansuver. On the contrary, if this happens, it moy weli pemanently damage the
delicate and sensitive equipment designed for nighttime operation. The cbservatory
will rotate around the earth's sun {ine untif the star trackers which have been preset to
specific angles pick ﬂ;ree stars on which they can track. The observatory will then be

entirely oriented. When we wish to go to 4 new object, the star trackers will be told
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to move to new gitrhal angles. The command ‘will ke given to the coarse inertia
wheel to move the sateilite so that the star trackers pick up tracking stars in these
new paositions. The star trackers themselve; actuate the fine inerfia wheels which
provide pointing to about one minute of arc. If stilf more accurate pointing is
necessary, an eror signal will be obtained from the primary experiment. Eq'uipment
is being designed to provide tracking up to a tenth of a second of accuracy.

As | huve implied, pointing of the telescope will be under ground command.
The astronomer will state the right ascension and declination of the object or cbjects
he wishes to study. This information will be fed into a computing machine together
with the current status of the observatory and the mackine will vell both whether it is
possible to go to this right ascension Qnd‘ declination without coming too close to the
sun or making any other illegal maneuvers and, if so, will tell the sateilite cperator
the commands which should be given to the satellite to send it to the new position.
All of this programming will be done through the tracking station which NASA is
erecting in Rosman, North Carolinn. The compiter rind primary control station will
be at the GSFC. At the other tracking stations, Quito and Santiago, it will be possible
to receive information from the satellite, both from stored data and from the real-time
system. [t will not, however, be possible to program the satellite sther than for
diagnostic operations. It is possible to store commands in the satellite to tell it to
go to a new position and/or perform new operations at any minute during the orkit,

whether or not it is in sight of a ground station at that time.
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The next set of slides illustrates the instrumental layout of the first three satellites.
in slide 22 we sce the four vidicon comeras of the Sraithsonian to be used to map the sky
between Lyman~alpha and 3C00 A, ond the mirrors for the photometers to be used by the
Jniversity of Wisconsin. A 6" mirror is used for nebulae with a wider acceptance angle,
because, in general, the nebulae will be rainter than stars. in oddition to the five neb-
vlar cameras, there are two obiecﬁve grating spectrometers to obtain low resolution
objective grating spectra of the brighter stars which the satellite scans. Slightly more
detail of the Smithsonian camera is given in slide 23.

Slide 24 shows the layout of the GSFC experiment on the second Orbiting Astro-
nomical Observatory. By tilting the grating, the spech:um of the star is scanned acrose
six photocells. The rte of the scan and the size of the sntrance slit can both be aitered
to provide resolutions ranging from 2 A to 64 A,

It is hoped with this instrument to be able to reach stars as faint as llith magnitude. /

The third instrument is illustrated in siide 25. In this cose, the photocall will be
moved along the Rowland circle fc provide the spectral scan. A second photocell will
be used to monitor the total light coming through the slit and allow for any inaccuracies
in guidance. Two detectors can be used to provide different resolutions in the spectra. .
It will be possible not only to scan the entire spectrum but also to spend the observing
time scanning individual lines in detail.

So far experiments for only three of the Orbiting Astronomical Observatories
have been selected but i1 is fully expected that the series will continue. In addition

7

to further observations in the ultraviolet it will be desirakie to obserse cbjects in the
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infrared, to observe them with high resolution, and to study them in the x~ray and
gomma-~-ray region of the spectrum. The importance of the lotter obzar/ations are
illustrated in slide 26, where we see @ 200" photogragh of the radio souce, Cygnas
A. Even with the best of our terrestrial telescopes, image is blurred. ‘High resolutior.
photographs obtiined oufside the atmosphere of thi- sbject would be very interesting.
j,ln addition, wa would expect this object tv be a major emitter of both x~rays ond

. gamma rayx. Only time will tell whether this is the case.
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SOLAR ANL STELLAR RADIATION: ABLVE THE EARTE'S ATMOSPHERE

by
Talbot A. Chubb

U, 8. Naval Revearch Laboratory

During the past 15 years considerahle new krnowledge has been gained
concerning solar and stellar raciations striking the earth's a mosphere.
This new krnowledge hos comz feow & series of iocket and satellite ex-
periments designed co mearuve ultraviolet and x-rs; radiations ungﬁié»
to penetrate the cir ocesn in which we live. This paper summarizes some
=f this new knowliedge and explains how the measured radiation fluzes con-
firm and aé;?tc our conleption of the nature of the sun aad stars,

The early rocket radiation studies were concerned only with the sun,
A photograph nf the sun is shown in Figure 1. This photgraph was made
in white lighr., It shows us & disk image of the only star close enough
tc show up 18 anything other than a dimensiorless point in space. Let
us no% ask ourselves what such a photograph really means. From how deep
below the surface of the sun does the light we observe come? Why does
the sun appear slightly darker near its edge than at its center?

Thes> queations can be answered if w2 pause a moment to consider what
the sun really is. The sunris essentially nothing more than a giant nuclear

b

.F °
furnace, in which the inrer fires are protected from the frigid cold of space
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by extensive blanketing lapers of protective gas., Feoat energy flows steadily
upward 2ut of the intensely hot core, It flows through the blanketing gas
1syers. and finally it bursts forth into space. Waen we look at the sun

our vision penetrates only into high-up levels of the insuiating gas, The
desth cf cur visionm is determined by the smount of haziness or anhsorption
that is present in the solar gas. For all practical purposes te look down
into the sun to the Zeme depth that an observer in the sun would be able to
gee our,

We can now answer the question as tc why the sun looks darker at the solar
1imb. The answer i{s this: e see less deeply into the sun when we losk nesr
the lizh, than we do when we look at the disk's center. Consider our imaginary
observer inside the sun., An observer iIn the sun looking at earth would have
to position himself higher i the sun's atwosphere if he were near the solar
1iwb, since he would be lacking out horizowntally through the solar haze. Since
heat flows frow a hotter to a rooler object, and since heat ia flowing cutward
through the sﬁn'i atmosphere, this higher layer should be cooler, and since
cooler objects appear darxer than hot objects, we have & good explanation of
solar iimb darkening,

Locking near the gdge of the solar disk 18 not the only way of viewing
the higher layers of the solar blanket., We have another way of varying our
depth of‘vision. We can lcok at the sun in colors of lighr that are absorbed
much more strongiy by the solar gas than visible light. 1If we look at the
sun in wltraviolet vadiation below 3000 X, wve find that the sun looks like

a much cooler incandescent bali than it does in the visible. In Figuve 2,
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we show how the brightness of the ultraviolet sun compares with incandescent
objects ol various temperatures, Seen in ultraviolet 1light of 2000 X wave-
leng(h, the sun looks like sn object xt a tesperature of 5000 degrees X,
In contrast the sun seer Ip the visible appeasrs like an object at roughly
6000 degrees K. Fluctuatione in solar brightnezs temperature reflect
fluctuations in absorption coefficient as one ;roceeds to shorter waveiengih,
The spectral energy distribution shown in Figure ? was measured from
rockets. Radiation of wavelengths less than 3000 2 cannot penetrate the

o a
earth’s atmosphere, Betweer. 2009 A and 3000 A ozone in the upper stiratosphere

o
is opaque to incident radiation; below 2000 A molecular oxygen itecif becowes

i, . Y
R

i)

a strong absorber, Fence rocket cr satel!iite vehicles provide the only means ;

Y

LA

‘.w.-‘..k,

of obtaining iunformition abcut the shorter wavelengths,
A photographic spectrum of the sun & siill shorter waveleagths is shown B
in Figure 3. 1In this portion of the specirum, the solar emission curve no

longer resembles the continuum character of emission seen in the visible and

near ultrvaviolet. Instead Figure 3 shows us a very peculiar phenomenon. The
very wavelengths for which solar material is most absorbent and which wmust, LI
therefore, come from the highest levels, stand out as bright smission lines.
This erission line spectvum is characteristic of the topmost levels of the
sun, The existence of such ¢mission line: means thag the topmost levels of
the vun are actually hotter thau the 1eveis undevrneath, despite the outward “
flow of radiant heatr. Such a coadition is possible only because the fring~

ing levels are so transparent to visible light that the enormous outfiow -

of light energy from deeper layers passes througnh them without absorption. Ty
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Most of the bhright emission lincs shown fn Figur. 3 are formed in a
thin layer called the solar chromcsphere, This thin cslored layer can be
sean briefly at the stavt and end of a total solar ecl.pse, 1t is a regioﬁ
in which temmerature increases with altitude, It is too transparent to be
consideved as part of the surn's gas insulaticn. Mcreov%! it contributes
only about one part in one hundred thousand parts to the outward flew of
radiant energy from the sun, Actually, however, this small amount of tadiang
energy is of very considerable imporiance to us on earth, It is the only
energy capable of ionizing gases in the earth's atmosphere. Combined with
the wveak short wavelerngth portion of the photospheric covtinuum, i is
responsible for both the heating and chemicel changes occurrimg in the
upper part of the earth’'s atmosphere. FProm a scientific point cf view this

shert wave energy is imprrtant in that it can tell us much ebont the outer

. layers of the sun. In particuiar it provides & %ool tor studying phenomena

associated with solar activity, the main manifestations of vhich are conf _ned

" to the chromecpheric iayer described and ¢~ the sun's corona still higher up.

Let us consider some of the details shown in Figure 3. The strongest

feature in the spectrum is the iyman Alpha line of hydrogen. Lyman Alpha is

: the emission produced by atomic hydrogen when it changes from its lowest: .

excited state to its ground atate., The Lyman Alpha line is greatly over-
exposed in the photograph., 1t is by far the most in-ense feature in the
chromoapneric spectrum. The continuum emissicn near Lyman Alpha is not
photospheric continuum; ingtead it is radiation ariaing {n the wings of the

Lyman Alpha line. The dark bands crossing the spectrum are instrumental in
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ori. in; they are caused by water vapor absorption occurring in the spectro-
gvaphic instrument. %he continuum present delow 212 2 is the recombination
Lyman continuum of atomic hydrogen gas. ]

By spacilrographic techniques it is possible to photozragh the sun in
Lyman Alpha light, 3uch a photozraph is shown in Figure 4, The image of
“ue sun in Lyman Alpha {is very simiila- o the sclar imagas seen in Calcium
X light as shown in Dr., Roman's paper. The Lyman Alpha photograph shows the
splotchy character of the photospheric surface, The bright areas a~e known
as plages. They are a very sensitive feature of solar acitvity, and show up
on the sun before sunspot groups are seen, and persist after spots have dis-
appeared,

Images cf the solar disk can also be made in solar emission lines other

than Lymen Alpna, Figure 5 shows focused images of a slice across the center

1
~

of the sun, In each &lice one can see individual plage regions, Slice images

of this type promise to tell us information coucerning the excitation character

of the individual emission iines. Solar emission lires apgear to differ in

at lsast two ways. One way in which they differ is in the relative bright-

ness of the resultant solar imsge at the limb of the sun as compared €o the

brightness at the center of the disk, For example, two of the images shown

in Pigure £ ..e distinctly brighter at the 1imb than they are at the center

of the disk. This behavior is called limb brightening. These two liacz are
emicted by oxygen atoms that have lost five electrons. Such oxygen ions are
called OVI ions.

The second way in which solar emission lines differ is in their relative

brightnese in plage regions as compared to their brightness in othér parts of

1
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the solar disk. Some lines come almost exciusively from plages, Figure 6
shows sowe faint and in some cases overlapping circular disk imeges of tre
sun which were obtained in the 300 X region of the far ultraviolet., The
darkest disk image is that prcduced by the 304 g Iine emission of ionized
helivm. This image seems fairly uormal 2s regards plage-disk brightuness
ratio. On each side cf the 304 ﬁ .mage, and partially overlapping it are cwo
solar images formed in 1l.,ht frea Fexv and FEXVI ions, These images are hard
to spot, because tiiny do not show the sircular disk pattern uf the sun, In-
stead the image congists only of five or six bright patches, corresponding to
the main emitting plages on the sun, Interestingly these Fexv angd ngvz
radiations and also the 304 3 heiiua radistion have been monicored frem the
030-A Satellite, The iron linesrshowed & high relative variability in con-
trast to the ratber stable helium emission, suggeating the expected relatiunship
that lerge plage to disk brightuess ratio implies a strong time variation with
salar activity conditiors,

Solar emission lines have been photographed using grating spectrograph
techniques well down into the x-rvay portion of the spectrum. Figure 7 shows
a photograg@ic spectrum which extends at the left down to 44 A, The bright
group of IZnes at the center are a largely unidentified group of lines locaved
at sbout 170 A, The solar spectrum appears to show a very large drop in in-
tensity below 170 A. 3t {s not known for certain whether chis drop 15 really a
characteristic of the sun. The presence of x-ray lines avound 50 A is also

quite interesting. It indicates that very likely most of the sun's s-rav

emigsion is line emission rather than continuum.
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In addition to the ultraviolet photographs of the sun's upper layers, it
has been found possible to cbtain solar images using the sun's x-ray emisaion
as the source of exposure., These photngraphs have not been of the same quality
as the ul“raviolet images, mainly becaus2 the long exposure time required has
cesuited in motion of the camera during image build-up., The x-vay photographs
were ohtained hy mounting the camera on a rocket-borne solar pointiny control.
The pointing control has succeeded in keeping the camera accursctely pointed
at the sun; hovever, in accomplishing this feat it has rotated thne camera back
and forth during exposure. One of the resultant images is shewn in Figure 8,
Itcan be seen that the plage emission regions have been smeared into exposure
arcs., It is revertheless clear that the bulk of the x-ray emission comes from
the plage aress, The camera, incidentally, was actually . pia-hwole camera, "It
differed from a true pin-ﬁole camera only in tbat the small aperture admitting
the desired radiation was covered with a thin film which blocked visible and
ultraviolet light, but transmitied s.ft x-vay vadiation,

At wavelengths below 25 A, non-photographic techniques become important
tools for studying the detailed character of the solar emission spectrum. One
device that has been effective in defining the solar x-ray spectrum js the Bragg
crystal diffraction spectrometer. Using this device, the solar spectrum was
mapped for the first time in the 13-25 A region during the summer of 1963,

The wavelengths of about a dozen 1 e¢s were identified. It was also found
possible to learn something about the plage-disk character of the x-ray iines. |
As we fpected, most of the lines came predominantly from the single dominant
plage on the sun at the time of the experiment., However, surprisingly there

were alsc sevaral 1ices which were not so plage domirant; in particular, emission

s
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lines appearing fto arise from OVII.

As we have mentioned, some solar emission lines show a significant in-
tensity variation with time. This variability is in cistinet contrast to
the great stability of the sun as an energy source in the visible portion
of the spectrum. The variabiiity encountered in the solar emission spectrum
at short wavelengths has been studied for over a decade, ‘hortly afrer the
start of these studies it became apparent that intensity fluctuations were
much more severc in the short wavelength portion of the x-var spectrum that
at longer waveleagths, Figure 9 shows the apprbximate shape of the solar x-ray
emission spectrun at various times during the solar sun spot -ycle aud during
quiet sur and flare sun activity conditions. When sun spots become numeroas
on the sun, solar x-ray enission becomes much more intense. ~.paring tho
quiet sun emission at sun spot maximum to sun spot wminimum cmission we see chat
the solar cycle variation in x-ray emission i3 of the order of a facor of five
at 50 A, eighty at 15 A ard three hundred at 8 A, Superposed on this fluctuation
18 a large increase of emission at shorter wavelengths during soiar flares,

accompanied with an extension of solar emission to considerably shorter wave-

iengths than those normally present. 5
The contrast between the high wariability in solar cmission at short x-
ray wavelengthbs as compared with the relative constancy of solar ultraviolet
emission is strikingly shown in a study of flare activity made from the fivrst
successful Solar Radiation Satellite. A portion of the data obtained by this

satellite is shown in Figure 10, The figure shows the time variation in solar

Lyman emission and in 2-8 A solar x-ray emission during the development of
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a small 1imb flare, Figure 11 is a photographic sequence showing the flare
vesponsible for the radiaticn ouvtburst., The tep curve in Figure 8 shows the
resfSnse of the ultraviolet ion chawber within the zatellite. This detector
indicated that total solar Lyman o emission was almost constant during the
development of the flare, amounting to possibly a 5% intensity increase, 1In
contrast the second curve »hows the very large increase that occurred in solar
x-ray output during the event, The 2-8 A x-ray flux increasea a factor of five
during the two rinute period accompanying the most rapid period of flare zrcwth.
‘Inis x-ray buret was évcompanied by a short-lived radio fadeout “nd other ion-
ospheric disturbances, The event gives a clear demonstration of che important
effects sometimes proﬁuced in the earth's upper atmosphere b, relatively modest
solar activity, -~

A svmmary of solar events for which x-~ray increases wece recorded during 1
the SR~1 saceilite is shown in Figure 12, X-ray increases were record I duringﬂ
twslve important disk flares, In each case for which the x-ray flux below 8 A
creceded 2 x 10"3 erg o:m'2 sec’1 of cnergy, the earth was subjected té a coin-
cident ionospheric disturbance resulting in shortwave fadeout, When the x-ray
flux was less, the ionospheric disturbance was either not noticed, or was
significantly less severe, The conclusion that solar x-rays were responsible
for the radio fadeouts is quite clear, The most interesting result demonstrated
by che deta, however, is the occurrance of strong x-ray fluxes wh;c? 4id not
arise from major disk flares, Two very low class limb flares had strong x-ray
emission with accompanying shortwave fadecut. In addition strong x-ray emission

accompanied three limb activity events which were not classed as flares at all,
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The strikingly siwmilarity {n character of the x-ray burst accompanying the

limb events and those accompanying important disk fiarcs ig strongly suggestive

of the equivalence of the two very different appesring phenomena., This similar{ity
constitutes the best present evidence that small 1imb flares, bright surges on

the limb and active prominences are the high altitude portions or effects of
mejor disk flares.

Although it has been the custom of the NRL group tc describe solar x-ray
emission as a diluted blz~kbody ewission, it has alwiys been recognized that
this was merely a very approximate way of describing a complex Spectrum. 3In
reality solar z-ray emission at wavelengths longer than 1 A is believed to be
made up maivly of a serifes cf emission lines. The relative intensity of these
emission lines reflect the relative abundance of elements in the sclar zorona
and the distribution of electron temperatures describing the energy spectrum
of coronal electrons, The shortest wavalength x-ray lines expected in the solar
emission spectrum are the iron line enissions occurring between 1 and 2 A. All
the chemical elements occurring in the sun thet have an abundance at ail com-
parable to the abundance of iron atoms are very much lighter thau iron, and
erdt x-ray lines only at muzh longer w.veleugth. Because iron has the unique
sét of characteristics that it is both abundant and heavy, iron x-ray emissions
can be expacted to play a majer role in solar emission from the very hot regions
produced during the solar flares. ¥For this reason, and also because iron x-rays
penetrate deeply encugh into the earth's atmosshere to cause major radic wave

absorption, it 1s especially interesting to look ror evidence of such emission

during flares.
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Evidence for the presence of iron line emission was obtained from
proportiounal counter aata obtained in 1959. Fromgthe distribution of pulse
amplitudes produced by the proportional counters, three crude x-ray spectra
of the sun were obtained between 0.7 and 6 A, Thesc three spectra weve re-
corded during supposedly quiet solar conditions; however, some form of micro-
flare or other sclar activity was aimost couilnuously gregent during the summey
of 1959, which was during the zun spot maximum period. The results of three
!

flights are shown in Figure 13. One flight slcued an energy spectrum dis- |

tribution compatible with the concept of dilute blackbody radiation from

-

!
regions of varying temperature. Two flights, however, showed an emission

spectrum peaking in x-ray emission in the 1.1 A region. This wavelezagth does
pot corcespond to the known wavelengths of che fron lines. However, it seems
difficult to explein the occurrence of the emission peaking other than by tie
assumption that iron line radiation was present and that the calibration of /
the pulse amplitude spectrometer was slightly in error. i
Probably the most important wavelengths tn study in ordor to determine
the shysical processer occurring during solar flares are the shortest wave-
lengths., These shortest wavelengtl photons arc x-tvays in the 20 to 100 kev
medical x-ray vegion., They can only be prouuced in the most highly excited
cegions of a solar flare, The total amount of emission from the sun in the
medical x-ray region is quite small, containing much less energy thon is preseut
in the x-ray iine spectrum at longer wavelengths, Emission in the «0 to 100
kev region is due to electrons being scattered in a very hot gas, similar to
the emission that one g;Qh in ivigh iemperature plasra machines, such as are

being built to produce thermcnuclear power,
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Figure 14 shows hcw the sun's emission varied with wavelength in the
medical x-ray repf - during a particular Flare event, The type of a curve
shown in Figure 13 is interpretable physically as indicating tkat on the sun
there existed for a short time a region of very hot gas, a rlasma at 2 tem-
perature of about 120 million degrees, Such a regisu was apparently prodi.ced
by the flare process, The change in slcpe between the two curve: means that
in the sun the hot gas cooled during the “hree minu e 1htérval between rockat
\ ' measurements, By studying data of chis type it Is poirsible to study the
temperatufe history of sueh very Lot flere-rroduced regions, and alco to
determine their source streagth (the esquare of the electron density times
the soiume on the sun of the enitting region) and the manner in which they
grow, From such studies one ghouid be able to learn a great deal about this
208t interestin> phenomenon of solar physics.

< Let_us now leave the sun and considey radiations observable in the night
sky. The remainder of this discussion will be concernad with whst has been
learned irom rocket-borne experiments about high ¢nergy emission from stars
an? from the uight airglow,

if you fly a rocket at night and look out {nto spare in the ultraviolet

there is one radiation which dominates your sight. The whole sky glows in

YO

s a wmiform glow of 1216 Angstrom radistion. This radiation is the familiar

Lyman O line, .If Fou arz at 123 kilometers, you see this radfation all zbove

BT LR

L you; you also see it looking down with almost half the brightness that you see
leoking up. Figure 15 .5 a plot of the intensities of rhis Lyman ¢ radiation
as measured in 1957, The data show a slight local minimum in intensity, not

very dezp, looking directly away from the sun, Most of this night Lymun o
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glow is believed tu be really sunlight which has been scatrered back :to the
dark side of earth by atomic hydrogen in the earth's own atmosphere, This
scatteved sunlight is a rea! problem in certain astronomical studies, The
intensity of this Lyman @ glow i3 five times as great as that of all the
visihle light emitted hy the stars. So it is quite an intense glow.

Despite the brightnese of the night Lyman & glow we can still carry cut
studies on stars in the vacuum ultraviolet by using simple rtelescopes in
rockets, The Lyman o prnblem is usually avoided by restricering the spectral
band under study to wavelengths which exclude the Lyman & line, In Figure 1ib6
is shoyn the bottoa portion of a rpcket i1nctrumentation which contains a sev
of 6-.nch4refle¢ting teleacopes. At vhe focus of each of these 6-fach re-
£..:cting telescopes is mounted a small v'traviolet datector of high semaitivity
which has a very natfcv spectral response band. The detector is sensitivé on.y
to a very narrow range of rfar cltraviolet cg}or. Tue experiment is carricd out
by firing che rockst, typically from White ;:nds, Hew Mexico, up above the
atmosphere, The carrier rocket is completely unguided; it rolls very slowly
and tumbles or precesses about a“large cone, as & rigid body in space v.ill do.
As 3 result of the rocket's roll and tumble the telescopes repeatedly sweep
across th sky. In a gingle flight they can map almost 2/3's of the accessible

sky with a typical 2.5 degree field of view, The informaticn teiling us what

L 3
the telescopes see is sent down by radino and we get telemetry records which shae}

the time response of the detectors throughout the flight,
The detectors used in the rocket astronomy program are quite unusual,

Figure 17 shows <he senslitivity curve of one of the detectors, The detectors

s
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are czlled gas gain ion chambers. They are characterized by small size and
very high sensitivity. The reader wilil note that ?igure 16 indicates a
sensitivity of over 10‘1? coulombs per quantum. Now to get some feeling

for what that means let us suppese a dé:ector produced within it one free
electron every time a light quantum hit the window, 1If the detector was that
sensitive, the sensitivity would be 1.6 x 10"19 cowlombs petr gqueutum. Thus

a sensitivity of 1.6 x 10-17 coulombs per guantum weans that there are 100
electrons produced in the detector for ove~y gquantum which hits the window.
Actually such =7 éensiciﬂity is achieved by having a detector which is baszically
10 per cen:t eificisni, but which has withio it mesns of getting amplitication
of a factor cof lbOO.. This type oonperatic: is achievcd by having within the
detectoxr a gas vhiéi:ic ionized by incident far ultraviolet jight, The re-
sulting free electrons are then accelera‘ed toward an anode collector,
Sufficient voltage is impressed across the detector sc that a large gas
amplification is achieved in the region near the anode,

Figure 18 is a photograph of a portion of the telemetry response recorded
when one of the mirror zelescope: scanned acruss the Milky Way, The star
signals are seen to show up as single.pulses whose width {8 deteruined by
the rocket roll rate und the telescope fleld of view. Scans of this type

- et -
have shown taat the sky is quite simple in the far uliraviolet, The stars

vhich you see are much less in number than when you lsck with your eyes in the

visible, Also the ultraviclet stars are highly concentrated slong the Miiky

N

Way, The main problem is carrying out this type of rocket astroncmy is that

of deterrining which stars caused each of rhe recorded star signals, The

PR —
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solution of this problem is achieved by a detaiied analysis cf the vocket
moticn occurring in each flight. The mction analysis is made possible by
means of magnetnmeters and horizon sensors carried in the rock=t, Once such
an analysis is complete, the ultravioler brightness of cach star seen can be
determined from the amplitude of the recorded stav signals,

The resuits of two rockat astreomomy flights of this type are shown in
Figures 19 and 20. Tnese figures show the relatrive brightness cf various
stars in the far ultraviolet as compared to their brightness in tha vieible,

As Dr. Nancy Rowan of tha National Aeronautics #nd Space Administration has
pointed out, the stars which emit in the far ultraviclet are the very blue
stare, waich are the B eand O stars. As we examine bluer apd bluer stars, we
tfind as one would expect, that the rar cltraviolet brightness, compared to the
visible brightness, increases,

These pioneering rocket astronsmy experiments have done a moderateiy good
jou in defining the zelative far ultraviolet brightness of bright stars. It is
not so certain that they have achieved highiy valiable absolute energy measure-
ments of the nltraviolet stellar flunes, Neverthele~g, it is interesting that
all of the early measuri{ments have indicated that the sbsoiniec energy received
from the B stars is comiiderably less than ctellaxr models would predict. This
discrepzaty provides a real problem, The very hot stars are believed to be
siwpler than stara 1liks the sun, because they are so hot that most of the metals
and light elements in their itwospheres 3re ionized and do not coutribute much
to light abserdtion in their outer layers, Therefore, it should be possible to

analpze the outward flow of enevgy through thair uppar lsyers in a mere
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quentitative fashidn than can be done Ior cooler stars. Thus we find, if it
continues . 2= gpnfirmed by future work, that we really dc have an ultraviolet
deficiency, then this poses a series problem for stellar theor;. Study of
these very hot stvars is also of considerable interest in analysis of galacticz
energy output siinice these same hot stsrs are the dominant energy producers in
the newer portions of the galaxy. 4

let us now consider the story af the far ultraviolet nebular glow., The
story illust.ates scme of the pitfalls into which it is possible to fall in
pioneering studies. Sometimes early exploratory studies lead to preliminary
conclusions which are not always confirmed by subsequent juvestigation., Let
us now consider one such story and show the evidence which now makes us think
that the original conclusivns of this story were not correct,

Figure 21 shows a type of instrumentation used in an exnploratory study
of the night sky in 1957, This instrumentation approach p;eéaded cthe telescope
type o¥f 1nstrumenfation iilustrated in Figure 16, In Figure 21 are showi a set
of Geiger counters which aré sensitive to ultfaviolet lighkt, Thefr angles of
view 2re restricted not by use of telzscopes but by looking through a bunch of
collimating nickel tubes. The counrer view angles are test;icted to about three
degrees. This expeviment was flown in an Aerobee rocket. As in the telescope
experiments the rocket rolled aad precessed throughout the flight., Again the
detectors scanned large portions of the overhgad celescial sphere,

Now what we expected when this experiment was flcwn was the observation
of early type sctars like Spica and like the bright blue stars in Orion, This
was not what the telemetry response showed however, The telemetry responses

showed no localized humps corrvesponding to the angular width expected for
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point sources, tut instead chowed rather extended regions whirch seemed to

te centered ¢p hot stars, The individual star Adid pot seem toc be seen, An
analysis was carried out uf the extend~d regions of glow and maps were pre-
pared. Figure 22 is the brightness map which seemed to be suggested by the
experimen%t in the star region centered about the stay Spica, A f{ar ultra-
viciet brightness map of this particular porticn of the sky should be pax-
ticularly easy to interpret because Spica is relatively isoldated and is the
only bright early type star in its particular neighborhood, In the Spica
region there is no way in which the sum of responses of many hot but weaker
stars could be coufused with a diffuse glow, This bror diffuse glow became
known as the far ultraviolat n=abular glow,

During the Spring of 1963, the collimated Geiger counte:r experiment was
repeated in esrentially the same form as ured in the original experiment, The
tesultg of the repeat experiment are shown in Figure 23, Our sky explorations
with the small telescopes had always shown that the stars radiated at point
sources, but we had never succeeded in obtainiag good data with detectors that
had exactly the same spectral sensitivity band as that used in the original
experiment, Iu contrast the repeat Guiger counter experiment did cover the
same spectral band, it had the same detector &3 the original experiment, it
had the came collimatiog nickel tubes, and the detector scanned across the
same star, Spicg, The portion of the tolemetry recora shown in Figure 23 is
the rea?onse(due to the star Spica. The width of the response is exactly the
wlﬁtﬁ that would be calculated foxr a point source on the basis of the genmet<cy

of the nickel tube collimator, the total width being 5.8 degrees., Ali of the
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stars seen in th» repeat experiment appeared as localized sources, The back-
ground counting rate ..2z. Spica is very low and !gs the same value that occurs
when the detector looks toward earth, So here we see a clear picture of the
fact that that original experiment did not give the right answer, The disf
crepancy is embarrassing because we rcally do not know what caused the smeared-
out responses in the first experiment, MHaybe the answer to that puzzle will
rever be solved with certainty.

Another rocke- flight which was carvied out iv the Spring of 1963 contained
a telescope experiment which algo relates to the question of far ultraviolet
nebular glow. One argument tnat hes been put forth, by us at NRL 24 a matice
of fact, was that possibly the far ultraviolet glow did erist, but existed only
4t a wavelength close to the Lyman & line, and that there might have been small
differences in detector sensitivity near t* Lyman @ line which might have pe. -
mitted the glow to be seen in the first . r.vimeat bui not in any Jater ex-
periment, This second 3963 experiment v .25 sue’ = hynothééis §eem unterable,
Figure 24 showe 2 pcrtion of the telemetry :topouse - -ced by one of ourv
telescope-ion chamber photometer combinations duriny 4 scan direcriy across
the star Spica. This particular telescope photometer combinat®on, however,
is sensitive to a ivoad band of wavelengths (1050 - 1350 A), including Lymar o°
Figure 24 shows a geSEtally elevaced signal response which $8 due to the night
Lywan o glow, the intence diffuse atmospheric ultraviclet glow which we have
previously described, Superimposed on top of this glow background is a point
source response caused by the star, Spica. This response rises above the Q
Lymaﬁ o glow with no evidence of nebular emission surrounding the star, Wotice

the Lymwan & glow 1s seen even when one looks toward the earth,
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Also showa in Figure 24 are resnonses from two other telescopes looking
in the same directien ai;éhe cne sensitive to Lyman o, The uppermwst re-
sponse was produced by a telescope which was sensitive in a region of the
ultraviolet confined to a sy -ctral band below the Lyman & line, This band
ir the shortest uitravioclet wavelength band ir. which non-solar star emissions
have yet been recorded. The other photometer response curve was produced by
R photometer semsitive at about 1427 Angstroms, 1In both cases radiation from
the star Spica saturates the detectors.

The botrom trace in Figure 24 wes produced by 3 conventional multiplier
tube sensitive to visible light. A comparison between the response of the
visible light detector and the detector sensitive to the Lyman Alpha glow
demonstrates an (nteresting fact about air glow, The visible light detector
sees a strongly peaked response when it looks tangent to the layer producing
the night air giow. This phenomenon is called horizon brightening. In con-
trast the nigl:t Lyman Alpha glow never shows any horizon brightening. The

reasor. for the difference is that the night Lyman Alpba glow is produced by

multiple scattering from an optically thick laver of atomic hydrogen while the

normal air flow is produced chemically in an atmosphexe transparent to the

produced radiation.
In conclusion let us consider one other somewhat speculaiive fileld, \
name iy, the new field of x-ray astronomy, Xx-ray astronomy really had {ts

birth in an experiment that was carried out by Giaccowui, Gursky, Paolini and

Rossi in an attempt to iocok for fluorescent x-rays produced on the moon. Tt

was their hope that discover§ of lunar x-rays would eventually permit analysis

X
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of the composition of the surface of the moon., When the lumar x-vray experiment
was flown an x-ray signal was saen; howsver, it turned out that, after they had

1
worked out the details ot the orientacion solution of the rocker, it was found

that the x-ray source did not correspond to the lucation of Lhe moon. Since

the lunar x-ray detector looked out at the sky with quice a broad field of view,
it was impossille to pin-point the position of the x-ray source very precisely,
Nevertheless, the source of x-rays was clearly not the moon, Analysis of the
manner in which the x-ray respenses disappeared as the rocket descended into the

[

atmosphere, suggested the conclasion that the x-rays might very possible be
coming from the galacstic canter.

The possibility that there exist x-ray sources in the night sky was very
exciting. NRL hed looked for such possible soft x-ray sources ureviously, but
with clearly inadequate sensitivity. 1t was, therefore, decided to ﬁiy an
experiment with much greater sensitivity, and also with tighter collimation,
in order *c confirm the existence of a galactic source, 1In the NRL experiment
a proportional counter was used rather than Geiger counters. The NRL detector
consisted of & single large tube with 31 windows and 31 anodes and a comaon gas
supply. The detector looked out through a collimater which has an angular fileld
of view of about 10 degrees full width at half maximum, The detector window

wag made of 0,005 inch beryllium and provided x-ray sensitivity between about

0.5 and 8 A. Now a proportional counter ig characterized by producting pulses,

the emplitude of which is crudely prcportional to the energy or the incident
x-réy quantim, The pulses produced by the NRL detector were amplified and

sorted intc three groups of pulse amplitude, The counting rates of each
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amplitude group were individually wetered, so as to permit a partial deter-
mindgtico of tae spectral character of any emitting x-ray source discovcted,

The results of this experiment proved quite interesting, The existence
of one relatively s:é}hz—ﬁ;ray source seems to be clearly established, =znd
existence of a second weazker source at the C:ab Nebula is also relatively
certain, The strong source is located in the constellation Scorpic and is a
point in the sky with celestial coordinates: 16 hours 15 minutes Right As-
cension, .15° Declination., No optical or radio star has been identified with
the x-ray object,

One of the telemetry responses showing the Scorpio x-ray source is shown
in Figure 25, The source 8twws up clearly above the general background. The
scurce was scanned about ten times during the flight, Although the data permit
pin-pointing the position of the source center, they do not tell us whether the
source is a point source or a di€fuse source which is excended over as much as
5 degrees of arc, Although cthe spe~tral analysis based on pulse amplitudes
is of relatively poor quality, the socurce seems to produce mainly soft x-ray
quanta near the 8 A long-wavelength limit of the detector semsirivity curve,
rather chan higher crergy quanta below 2 A, The source delivers to earth a
1-8 A x-ray flux of the order of 2 x 10~7 erg cm'z sec_l; thus as seen at earth
it iy about 104 less intense then the sun. Since the thermal radio brightness
of the sun is much less than 104.times the brightness of the minimum detsctable
radio scurce, it is nct entirely surprising that no distinctive radio sour;é
clearly corresponds with the x-ray star. Although the location of the strong
x-ray source differs by 15 to 20 degrees {rom the location claimed by Giacconi,

et &1,, it appears proktabie chat the NRL experiment has served to pin-point

the previously seen source,
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Figure 1: White 1l4ght photograph of the sun, This photogrsph shows the
{ncandescent digk of the sun, called the solar photosphere,
which emits 511 but about one part in 100,000 of the energy

received by earth, Part of the darkening of the disk neax
its edge i8 real, At the edgd of the solar disk we see
1ight from a tigher, cooler layer than {s seen at the disk
center.
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Figure 4:

Photograph of sun wade wsing Lyman o radiation at 1216 A. This
hows solar emission layers that lie ahove the solar

photograph & ]
photosyhers. This emiserion shell is called the chromosphere,
and was firat geen briefly st the atart end end of totel solar

eclioses, The bright patches of emission are called plages.
Flages are regions of high chromospheric density. Plage are
a sensitive indicator of solar activity. Intense plages
generally nverlia sunspot groups. ’
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Figure 6:

Disk iveges of the sun in the 300- il Tegion, T4 ‘igure shows over-
lerping \mwages 1o the light of foniZad heliws and in the light of keavier sclas
fons, The brisnt imape showing a well-devalopad disk inage of the sun uith
superimposed plage eaission 1s the helium {image. Less discernable 1nages of
the sun in light of multiply tinirsd iron atoms occur 03 both aides of the

-belium bhoage and partially ovzriap fit. The fron images chov no disk patiern,

but consist only of brigit $poty corresponding to th.. solar plages, The iron
dtaome responsidle for the two sets of plage emisstons ave atcws that have
ost 14 er 15 electrons.
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COMPARISON OF SPECTRA OBTAINED FROM

PROPCRTICNA' COUNTERS ON THREE DIFFERENT

FLIGHTS
Short wave x-ray spectrum dediced from provor.iscnal counter pnlse amplitude
discribution, During the last sur.pot maximan in 1959 three rocket measuve-
ments of the shoct wave length end of the solir x-ray spectrur. were made during
non~flare solar conditions, "The foim of cthe .olar emlssion spectrunw was de-
duced from the di: tribution of pulse amplitudes produced in a gas proportioral
counter, The spectra dedvced from two of the rocket flights show an amisgion
maximum of &n indicated guantum energy of aoout 11 kev, It is believad chst
the indicated peaking in the x-ray spectrum is due to Fe line emission at
about 7 kev, This explanation of the Jata assumes that the proportioaal
colineer energy scale ¢alibrations were in errcr, *n alternate explanation is .
that the peaking is due tc iron recombinatior continuum emission in the
inJicated 9-.12 kev region. The differences in spectrum behavior between
flight 8,69 and flights 8,68 and 8,72 reflects differences in solar conditions,



Figure 14:

| NUMBER OC SOLAR Y-RAY
QUANTA STRXING SUINTILLATION

COUNTER AS A FINCTION OF ‘Y
X-RAY ENERGY, CLASS 2+

COUNTS /SEC,

FLARE WITH CLASS 2+ SCHA
AUGUST 31,899
O 22:34:340LY
F x22'ST:16 LT

A&

OPTICAL FLARE MAXIMUM 22:52VU7
NOT CONRECTED FOUR DEADTIME

ot s {o 7.0 _ﬁ &
QUANTUM ENERGY- KEV

High energy x-ray emission observed during a bright solar flare.
During a bright Cless 2+solar flare x-ray emission was observed
with quantum energies as high as 60 kev, The spectral region
20-60 kev {0.2 ~ 0.6 A) is & xegion where solar lire emission
should be negligible, The observed spectrum is interpretable

ag¢ being Bremsstrahlung fros a hot plasma produced by the flare.
The temperatura of the electrons in the plasma is calculated to
to about 120,000,000°K. The steepening in spectral slope during
the flight indicates that cooliing of the plasma occurred in the
three minute interval between measurements,
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Figure 16:
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part of optical section of an Aarobee rocket used in ultraviolet studics o the ‘sfar., The
rocket instrumentaticn consists of reflecting 4-inch and G-inrch telescopes combined with
specialized far ultravicvlet photometers, The roll and free precession of thas unguided
Aercbee rock:t enables the talsscopes to sweep across the sky. Wher one of the telescopes
scene across the star, the ulvraviolet starlight is focussed on the detector and the re-
aponse signal {s telemetersd to ground.
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Figure 18:
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Portion of telemetry record showing telrscope~photoneter scan of
Milky Way. The rocket telescopes are <lown wizth a typical 2 to 3
degree field of view. As the roll of the rc.ket causes the telescope
view vector to sweep across an early type séar, sigrals are generated
with the sensing photomecers and are travsmitted to ground, This
figrre shows star responses recorded during a scan across the Centaurus
ana Lupus constellatious in the Southern Milky Way. The height of the
individual star responses combined with an identi{fication of the stars
responsible for each observed signal provides the basis for deterrining
fhe far ultreciolet emission i{ntensity of bright early (blue) type :ctars,
i
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ha Figure 21:

[ PN : } ]
Instrumentation used in 1957 to study far ultraviolet emizsion frem the night sxy. Tn 1957 & scanning
survey of the night sky was wade with @ set of collimated ultraviolet - memsitive Geige. counters, The
couucers were sensitive to a radiation in a band 1230-1350 A, The counter responzer, in contrast to
more recent datu, were suggestive of the existence of diffuse rather rhan point scurces in the night
sky, The data were interpreted as indicating the presence of a far ultraviclet rebulosity furrounding

early type stars,
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ATMOSPHERE OF VENUS
by

Carl Sagan

Tte content of the talk presented at the Conference on Artificial

Satellites is available from the following courzes:

Sagan, C., "The Plane* Venus," Science 133:849 (1961)

Kellogg, W. W., and C. Sagan, "The Atmospheres of Mars and
Venus,” National Academy of Sciences-National Research
Council Publication 9kk {1961)

Sagan, C., "Structure of the Lower Atmosphere of Venus,"
Icaras i:151 (1962)

Segan, C.. and W. ‘4. Kellogg, "The Terrsstrial Planets,"
énn. Rev. Astron, Astrophys., L. Goldberg, ed., 1:235
11963}

Sagan, C., and L. Giver, "Microwave Radiative Transfer in
the Atmospherz and Clouds of Venus," privately circulated
paper (1061)
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THZ ATMCSPIERE AND SURFACE FEATURES OF MARS
by
Hyron Spinrad

Jet Propulsion Labozatory

Although most of the papers presented here deal with results from ;
satellite-bused observations, or hopes fcr such results in the future, i
this review will deal with earth-bound observationsz of the planet Mars,
The writer does not pose as en expert on the nature of the little ved
planet - only as a skeptical observer, Unfortunately, we really do not
understend conditions on Mars well!

To preface this text, the writer feels willing to speculute that in
the next few yeare new and provocative information -n the Martian atmos~
phere and surface will come mainly from the old shopworn techniques of
ground-based astronomy. Eventually space probe experimentation will
reach the necessary level oi sophisticatinn to allow accurate in situ
measurements of the various plenetary paremeters of interest., But the
time is uow vipe for major advances with sxisting equipment at alwost
negligible cost!

Much of this paper will follow closely the excellent review on Mars

by Seywour L, Hess (1vol), This work is recommonded to the reader,



X1V <2-

1. The Few Well-Known Data for Mars

The orbit of Mars lies outside thet of the Earth and thus the times
of closest approach occur at full Marcian phase -~ these events are the
Mertian oppositions, The . rbit of Mars is s fairly eccertric elliipse,
~> that some oppcsition cccur when the planet is comparatively anearby
and others at greater distances, Data on the next few oppositions of
Mars are listed ir Table I; unfortunately, the favorable oppositions
occuxr when the planet .. far scuthin the sky. This circumstance makes

for difficult observing - most telescopes beiag located in the northern

hemisphere,
_TABLE I
Future Martian Oppositions
Date Minimum Distance Maximum Angular
from Bartb (miles) dlameter (sec3., of arc)

March &, 1965 61.7 x 10° 14,0
April 13, 1967 56,2 15,4
May 29, 1969 45,3 15.1
August 6, 1971 34,6 25.0
October 21, 1973 40 6 21,6

Some of the paynical data on Mars which we will employ later are
tabulated In Table IX - the inclination of the Martian equator to the
ecliptic 1s similar to ours, so thet Mars has seesuns like the Earth,

but almost twice as long since the Martien year is scme 687 days,
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TABLE 11

Physical Data Ffeor Mars

- Datum Absolute Units Relative to Earth
Mean digtance from 2.28 x 108 Tan 1.52
the sun
Mean ¢iameter $739 km 0.53
Length of day 24" 27" 1.001
Length cf year 687 daye 1.88
dnrface gravity 317 cm/sec2 0.38 )
Albedo ~ 0,15 0.4:
J1. The Martixa Surface ’

The telescopic appearance of Maxrs is beautifully {illustrated in the
new b;ok by E. ©. Slipher (1962). The best photsgraphs in the Lowell
Obsexvatory collectiun, plus others like “he color composite irontis-
plece, show much of the detei) visible on the Martian disk. T wost
photographs made in yellow ~r red light - or the Kndachromes like Leighton's
magnificient photograph on page 71 oi Silpher's book - the Martian dark
areas, called Maria, ;tand out against the brighter orarge background,

The most striking rfeatures are, of course, the white polar caps which
expand to lower latitudes in the Martlan winter and then yvetreat in Spring.
The cap in the scethern hemisphew never compietelv disappears,

The polar caps are certainly thin luyers of water-ice; T shall call

cbam trost-caps, The ampirical evidence for the caps being frost is two-

fold., They polarire lignht in the same way that tiny ice crystals do, and
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their near-infrased reflection properties matich those of frost {(Kuiper
1952)., The reflection spectrum of the Martian caps shows a rapid decrecse
from 1.5 u to 2,0u, as does low temperature ice in the terrestrial lab-

oratory., The reflection spectrun of solid $O, is guite differant - and

2

the formation of "dry ice" on Mars would require much lower tempersitures
than those measured near the poiar caps. ﬂCalcuietiens of the thickness of
the frost-caps from their observed melting rste, and vhe estimated rate of
solar heating at the surface, indicate the caps to be quite thir - perhaps
in the order of one centimeter. The recent detection of Martian uzo in
the vapor phase is, naturally, compatible with the accepted frost com-
position of the Martian polar caps.

The dack areas, or Maria, on Mars have been a source of interest and
coatroversy for some time. They were first thought to be seas, and tlen
areas of thick vegetation, Ve now believe that both these early opinions
are incorrect, Much of our informari{:- o the aprearance of the Maria hag
come from drawings by expev.cnced visval observers, ov from phocographs of
smail to moderate scale. made at Lowell Ob:sorvatory, Pic Jdu Madi {n France,
and otacr observatoriss, I Delleve thie stituacion can be improved,

It {s customary to say that photegrapghy with large -.f'2cting tele-
scopes doesn’t really ulow much detsil on the planets - nut early as much
as & good visuil observic cta see, This writer's expe-d .~» suggests new
attempts with fast film mauisirns, Using telescopes ~ ~ .ng focal length
ond large aperture (D 2 60 inchixs, aay) fine det ' » . the surface of Mars
orobably could be photographed far better %han rhe. heve been to date, Of
course thic vanld require eignificant amounts .f valuable cbserving time

under geod sacing conditions. Whether or not the physiczl nature of the
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Martian Maria could be uncovered by direct photograph alone is now un-
answerable, but certzinly the potentially great resolving power of the
Large earth-based telescopes should be brought to bear on the problem.

The Martian dark areas undergo & marked seasonal variation i con-
trast - they become darker and sometimes eniarge in theiv spring messsn -
and then fade in the summer, In addition, mon-periodic changes occur.

For example, in 1754 Silpher noticed a ceappearing dark Marisz of zon-
siderable extent. These events are completely mysterious - how could a
large dark regionm forwu im a short time and how can some dark areas apparent-
ly "regenerate’ after a dust storm has covered them?

Can suchk changzes be due to vegetation? There is a little, albeit
crudz, evidence or this questiun, Both Kuiper and R, §. Richardson have
found that the dark areas do not have the characteristic near-infrared
reflectiou properties of chlovrophyll - and so tha reflertion speict.um of
the Mzria do not regsemble those of most terrestrial planets near 1y .

The most widely accepted evi§ence for crgeanic matier on Mars - in the
Maria, a: leart - 15 the detection by Sirton (1959, 1961) of thz sharacter-
istics C-H vibration abscrpiions in 3.5 y in the infraved spectrum of the
dark aveas, These ban. do zppear in terrestrial plants, The so-called
"Sinton bands’ are apparently &hsent in the spectra cf the bright orange
“degerts." The revised wave leagths of the absorption bands ar¢ 3,45, 3.58
and 3,69 W, Colthup (19bl}) hes pointed out that the 3.69 pu ab.orption
coincides with a2 band «~f acetaldehyde and higher aldebydes. 1f this organic
subetance is un the gaseoug phase, it is surprising that it only be observed
over the Marti o dark areas, Unfortunately, this regiou of the Martian

infrared epecttum ia cloge to the crosa-over reglon of reflected solar anw
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smitted planetary radiation. The change of cross-over point and che
slope of the emitted emergy curve near 3.5 » depends cricically?:n toe
ambient. surface tempevature aad chis temperature will vary fZr.w the datk
to the bright areazs om Mars. Ke2 has pointed out that this complication
makes i1he mormallzation of the Mariaz spectrum very difficult, 7t is hoped
thar chere will be more observations of the Sinton bands on Hars and a.
attempt to 7ind them on the Earfa should seem obviously worthk trving.
The bright orange arecs of Murs gives the planet its red coler,
uiper's studies of the rafiection properties cf telluriz rocks like {rom
oxides over the wave lemgth segion i 40ud - 25,000, do mot wmatch the
Martian "deserts" wezll, The b:st spectra. agreement was with pulverized
brown felgite., From polarizstion curves of the Martian bright regicus,
Dol.fus ratcnes best with limonite - nure hjdrated ferric oxides! These
conclusiorns are in Girect contradiction to each other, Apparently neither
technique cen provide a unique ‘deitification for a solid refiecting surface,
Recently, Kiess, Karrer and Kiess (1960) have advanced the hypothesis
that NO, and W

2 2

cuuld account for the white Mastien polar caps, the ruddy desercs snd the

Oq - the oxides of nitrogen in the sclid and gasevus states,

darkening wave which progresses seasonally {rom pole to pole, However,
neitkher Sinton nor Spinrad have been able to detect the presence of *he
infrared ard red absorption bands of N()2 in the Martian spectrum, Until
such a derectiou is wade, this theory should be considered quite speculative,
Several other Murtian surface features, or the lack of them. deserve
conment,
There appear to be no very high isolated mountains on Mars, ZAny high

features could be detected by shadowing or by appearing as bright projections
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on the terminatcr at quadratures, However, the presence of the thia
Martian atmosphere tends to blur surface detail somewhat and estimates
ot maximum allowablie heights of 5 - 10 thoussnd feet are probably too
severe, There are no Alps or Himalayan ramnges on Mars, we are sure,
However, there are preterred locatiome for lingering f{rost neay ghe
south polar cap of Mars. Tliey may be mountaionous regions or an elevated
plateau,

The famous Martian ""canals’ were oyiginally discovered and called
charnels by Schiaparelli in 1877, Many asuronomers have visually ob-
served them as long, dark, 1ectilinear streaks extending for sizeable
disiances over rthe surface of Mars, Tney can nccasionally be seen con the
best photographs, too, Dollfus hes observed canals under the best of Pic
du Midi sceing conditions when they apparently break dowm into di _onmnected
fine detail - little spots and streake which uo longer have the continuity
of s cangl. We do not know what this fine structure is8, but the broker
canals are a characteristic surface feature of Mars, no matter whst their
geometry, Any comprehensive tnterpretstion of the Martian surface umst
expiain them - along with the polar caps, Maris unc dénerts. lowell'’s canal
hypothesis of a continuous system of artificigl waterways has been abandoned
by modexn astronomers; there 1s not cﬁough water to wet them anyway! The
polar caps must sublime during the spring - they probably do not melt co any
large degree,

The mo-called Martian "wa e of darkening” is the seasoncl change of
contrast of the Maria, focas (19€2) has shown that the dark areas in middle
and high latitudes darker markedly in the 3pring as their polar csp begine

to recede, The wave grac:a'ly exteads to lower latitudes - down to the
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e&uatotial regions, The average propagation velocity is about 35 km per
day, 1Is this sn exchange of atmospheric uvater vapor from one polar frost
csg to the other? Slipher has argued for such an interpretatior; he states
iustances of a cloud shscuring a dark area prior to its contrast iniyrease
(greater darkening - lover albedo). The amount of Martian atmospheric H20
is very lcw; but even small smounts wmight be sufficient,

The surface temperatures of Mars have been measured by inirared radio-

:
H

metry; the first observations werc made at Lowe!l Chsexrvaitory and Mt Wi, son
long ago and more recent measurements were made »y Sinton and Strong in the
13950's (Sinton and Strong 1960), The emission in the 8-12u window £ the
Earth's atmcsphere originates mainly from the Martian surface; it is oniy
slightly modified by the tbin atmosphere of Mars.

With the 200~inch reflector at Palowar, Sinton nd Strong measured
Martian temperatures by sliowing the plsyet to drift aver a small diaphram

ich defined the entrance to their radiometer, The so-called drift curves

were made parallel to tiie Martf-n equator and thus show the divernzl temper-
ature variation on the ground at different latitudes,

Sinton and Stroag found the equatorial rewperatures to be near -60°C
(213°K) at 0700 hours, a maximum of +22°C (295°K) at 1230 and then a decrease
to about +10°C at 1400 hours. The minimum temperature expected - near 0500 -
should be about -70°C (203°K), anc thus the d7irnal range is at least 90061
This range is very extreme by terrestrial standarcs, and is cue to the fact
that the Mars atmosphere is thinner and much more arid than ours, The
Martian Maria were found to be somewhat warmer than the brignht deserts, the
difference being about 8°C. This is in the sense to be expected, for the

dark areas do not refiect much sunlight back to space,
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111, The Molecular itmoaphere of Mars

The thin atmosphere of Mars makes the detection of its constituents
by earth-based sypectroscopic weans a difficuit task, Yet, this methed does
yield positive cesults, The polyatomic mclecular comnstituents o€ the Mars
atmosphere absorb radiation best in the ‘nfrared where our deteccors are
least sensitive end the Earth's own atrosphere ie an effective screemn,
Luckily, these molecules do absorb rnvniight weskly in thz near-infrared
and red vhen detectors are better #nd suitsble stellar spectrographic
cquipment is available,

Thera are only two positively identified gases in the Mertian atmos-
phere. In 1943 Kuiper detected small absorptions at 1,6u and 2,04 which
are due to 032 on Mars. These Martian aebsorption bands are superimposed
upon (he weaker telluric bands of carbon dicxide, The seccnd gas detected
was water vapor; in April, 1963, Spinrad, M:ﬁch and Kaplan found sume elevemn

weak Doppler-shifted Martian H 0 lines near AB200 on a high dispersion spect-

2
rogram, teken with the Mount Wilson 100-inch reflector,

Pigure 1 shows a composite tracirg of four of the HZO lines; the weak
Martian compenent is indicated by an arrow, A, Dollifus in France also

prctably detected Martian 320 from a high altitude site in 1963; his methnd

was broad-band filter photometry around the 1.4 infrared Hzo bend. After
comparison to the Moon, Dolltus suggested a sme)ll amount of HZO for Mars,

The Stratoscope LI ballooo flight of March, 1963 gave an upper limit to
the Martian HZO sbundance which is compatible to thz Mount Wilson .letection

result, Most of the determinations of the absolute amounts of both CO, and

2

K.0 in the Martian atmogphcre are dependent upen the total gas pressure ar

2
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the surface of Mars, Previous estimates for the 002 abundance, for examnle,
vary from two tec thirty times the amount above & unit area on earxth - de-
pendiag on how rthe pressure correction was made ard what surface pressure

wz assumed, The reason for the pressure term in the Martian abundances

is 8s follows: The ohape of an individual planetary abscrptrion liae im

a molecular band depends on the pravailing tempevacure which governe the
Doppler width of the lire, anc tre number xnd kinds of molecular collisions
per unit time which determine the so-called Loremtz widtn, The lorentz
vidth is mainly depandent or pressure - and the dependence upon pressure

is linear. Now the velationship beiween the streugih of en abeorption line
and the number of sbsorbing wolecules necessary to produce it is a somewhat
covplex function called the curve cf growth, ¥Yor very weak ansosptiocms, the
number of abaorbing molecules is directly proporticnal to the measured amount
of absorptior - hence this part of the curve of growth is called the linear
region, When the absorpticn is stronger, so that the line becomee very deep
at its center, it becomes “saturated,” That is, as more molecules are poured
1nto the absorting columm, the absorption line grows a. a slower rate than
the increase in the number of absorbers would suggest. The rate of increase

of absorption dapends mostly ou the line wid A - aad :ous ou the pressure,

Now if we arc fortunate enough to have observatio: s o several weak
and strong bends cof CDZ in the Martisn atwmosphere, then we can usze the curve
of growth to estabiish both the amount of carbon dicxide (from the linear

the total surface pressure fvom the observation: on

i

parc of tfe curva)
the strength of coz bende lying on the saturated part of the curve of growth,

It is arusing to consider that the pcincipie of this technique, a relatively
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commen tool of the stellar astrcphiysicist, i3 being spplied to planectary
atmospheres for the first time., I will reriew thae chronology of this woik,
now,

On April 12/13, 1963 Drs, Munch and Xaplan ard the writer ohbtained
2 high aispe—sion spectrogram of Mars with the llé-inch Coudé cumera of
the Hooker refle.toxr, The linear dispersion was S,GZ/mm, over the wave
length region AL 700C - 8000 on ammcniated IV-N (very fine grain and high
contrast) emulsion, Our motivuation was to use the relative velocir es of
the two planets (Mars was moving away at this quadrature - the velocity of
recession was 15 km/sec on that date) to separatz the telluric and Martian
B0 lines, We did find very weak Mars H

2 2

[o]
of 0,42A to the red of their telluric countervaxts in eleven canes - the

G lines at the ccrrect positions

best unbllended or nearly unblended - lines in the A8200 nzo band, This
was the first resolution of individual rotational lines c¢f a molecule in
the atmosphere of Mars - and also the first successful application of the
Doppler shift technique neceasary t> move the very weak Mars H O lines off

2
their strong teiluriz couuterparts, We compute the abundance of H O on

2
Mars to be about 10 u precipitable RZO; Dollfus estimates some 100 4 and
the stratoscope upper limit was 40 u, These amounts sre nc: in good accord,
but all are far less than the average amount of H20 above the surface of the
earch on a clear day - some 1 - 2 cm,: I should nct forget to acknowledge
the efforts of Dr, D, Rank and his associates at Pennsylvenia Stace Uni- ¢
versity for their laboratory calibration of the line strengths of the
individual HZO lines in the \8200 band.

Juet for amusement one afternoon we decided to look at the Mars

gpectrum nesr ) 8700 - the 5 vy band cf COZ is visible on Venus there, We

g
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expected notbing, for the accepted amount of C02 on Mars was so small com-

pered to that estimated for Venus that no CO2 lines in this band should

have been noticed, even with our high spectral resolution., Well, of course,
the unexpected often happens in Astronomy - we could easily see the R-braunch
and some of the P-branch lines in tnis C02 band on Mars in the microscoje,

We have since measured the CO, line strengths in this resolved band;

2
unfortunately, the rotational lines are really very weak, (wkmi at maximum)
and the resulting measurements are probably not very accurate, These lines
arec on the simple linear part of the curve of growth, and thus with another
valuable laboratory calibration by Dr, Rank, we decided that the atmusphere

of Mars contains about 70 meter-atmospheres of CO That is about 27 times

22
ag much as over a unit area on Earth, Thus the curve of growth is anchored
at the linear section, Now the determination of the surface pressure oo~
ploys the published observations of Kviper (1952) and Sinton (1963) for
the coz bands between 1 and 2 u in the seturated regime, There is no place
for all che deteils here, but we may apprroximate the surface pressure de-
termination in the following way: for & band on the linear part oi the
curve of growth, the band stremgth Wl is proporticnal to the amount of
COZ, m .

(1) W) ~my

.lad for a stropger band which is partly satnrated, the band strength Hz

will depend upon the product of the amount o, and the pressure, P,

s X
(2) Wy ~ =, P)
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and since m, = w, becarse the actual amount of CO2 is *he same in eilher

equation, we can solve for P if W, aad W, are accuracely measured, and

1 2
the constants of propﬁrtionality known, This technique gives a resulting
surface pressure of some 30 mb, and detailed work including self-broadening
and temperzcure corvections move the pressure down fo some 20 mb, The de-
tails of the computation are currently in progress, most of the work bLeing
done by Dr. L, D, Kaplan, We congider the estimate of 20 mb good to a
factor two., The older polarimetric determination of the Martian surfsce
pressure (~ 85 mb) may be suspect due to particulate scattering added to
the assumed Rayleigh scattering by molecules,

1f the Martian surface pressure is really this lcw, then CO2 becomes
a mejor constituent, The partial pressure of 70 meter-atm, 002 on Mars is

about 4 mb, and the CO, content by wass is then some 4/20 = 20%, What »a

2

the remainder? Not H,C or 0, - the amounts of these gases are very low
rs

2
{¢17.). The bulk o~ the rest is probably NZ and A, Argon in the Earth's
atmosnhere has been radiosctively generated in the crust from potassium -
40, 1f Mars received the same percentage of KQO as had the Earth's crust,
it should have enough argon to exert a partial pressure of 5 wmb - or scme
25% of the atmosphere by mass., By ..2fault aud analogy to the Earth, the

remaining 55% should be N But the reader should be warned that this

2°
mixture rests on uncertair foundations, The method used to determine the
amount of 002 and the surface pressure is probably excellent, but the
observations need improv=ment by repetition, And this requires a large
reflector witk a modern Coude spectrongraph, Tha cost of the raw material

necessary for each opservation is reasonable; 53,00 for the plates and

$0.05 for the ammonia to sensitiue them,
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IV, Clouds and Blue Haze \

In yellow and red light, the atmosphers of Mars usually is free of
large scale cloudiness, at least in the center of the disk, There are
often patches of cloud and haze¢ near the evening and merning limbs and
over the polar caps of the planet,

From time to time, clouds of varying sizes and color appear over
sigrificantly large areas of Mars, The most obvious once are the yellow-
ish clouds which ave incerpreted to be composed «f dust stirred up by
winds, In 1999, large yellow clouds and veils covered a lavge portion of
the >lanet near the tiwme of opposition,

There are alsc clouds which appear white; they are most prevalent
over the cocl vegions of Murs wheve condensaticn of the small amouut of
atmospheric water vapor is wost likely, Dollfus has found the polarization
curves of these white clouds identical to those of terrestrial ice crystal
clouds., The bypoihesis that the wihite clouds of Mavrs reseml.le our ice-
cirrus seems plausible,

The rather general Mavtian obscuration noticegble at shorcer wave
lengths in the blue and negr vltravioiet, is called the 'opluc haze," It
is usually optically thick enough to prevent the visibility of suxface de-
tails on blue photographs, The amsunt of obscuration is variable and siten
patchy in extent,

sumetimes the blue haze clears amy on & planet-wide basis, The time
scale of the change ic short, perhaps a day or two, The return to the usual

blue opacity can also be sudden,
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The cause »f the blue haze ig not understood, 1In conjunction with
the ‘arge opacity in the violet, the planet's albedo drops cff at sinrt
wave lengthe, too, Mars reflects only a few per cent of the incident blue ’
and near-ultraviolet sunlight,
Fuiper hes shoun that a high nzo jice layer, wiivh particle radii of
abcut 0,2 4 could produce tne measured polarizetion propertieg demoustrated
by the bilue haze, The ice-crystal hypothesis canuot explain the low vltra-
violet albedo of Mars and 3pik objentys to the theory on these grounds, He
suggests an effect of pure absorption by a dark substance (like scot?) in
some layer of .the atmosphere, The phoiowmetric evidence ror such ga ab-
sorption in the blue ccmes from limbh darkening curves by Barsbasliev and
Chekarde (1952) made with a smail inftrument, On large scale blue photo- - .
graphs. the images of Mars scem tc show some limb brightening - this would
rule arainst pure absorption in favor of scattering, How eigher process,
absorption by a dask coustitusnt like carban particles or scattering fron
ice crystals, can change rapid’y on a large geographical scale is very

mysterious,
V, _Observations For The Future

Besides the ronventional cptical and vadio observations from the
ground, which will continue to add to our knowledge of Mars for the next
few years, space experiments wiil eventually also contribute,
The NASA-JPL Mariner series includes a fly-by Mars probe scheduie
for 1964, The scientific instruments on board to observe Mars itgelf in- -
clude a magnetometer, a television (vidicon) system and passibly a two-

channel ultraviolet photometer,
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In the future, as the allowable yuyleads become heavier and the
equipment more sophisticated, there will undoubtedly be flights of in-
frared spectrometers and eventually, landing capsules Ic direct measure-
ments,

What will the experiments tell us? The television will present a
picture of tha Martiau surface with an order of magnitude better reesiution
than achieved so far from Earth,

The ultrsriolet photometry experiment will look for the Lyman o
emission from & Martian atomic hydrogen Corona, and pessibly may also
study the distribution of atomic oxygen around the planet,

4n eventual infrared spectrometer, if capable of hign resolution
at long wave lengtins, near the 4.8 u CO, band conld siovide useful iafor-
mation ¢n the acmesphewic composition and structure and perhaps sowe data
on the presence o%f surface hydrocarbons - the important iands are near 6 u,
The Martian surface will probabiy be visible in emission at this wave length
if our estimate of the H20 abundance is correct, But are there C-X bond
emigsions?

The landing c-psule pertains a whole new era in planetary observatiins
and the pctential of in situ ubservations is so great that it seems unwise
to speculate now on their nature or results, They are still for the future,
This is an exciting ag. for the planetary observer., In his lifetime he will

know whether his earth-bound conclusions were correct or not!
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The average profile of four H,0 lines in the Mars specturm, The

2
o

calculated pesition of the Martian component (AN = +0,424) is 4.dicated

by the arrow below the Mars symbol; the faint Mars water-vaper line is

vigible there,
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Abstract,

0f the ma.n sources of extra-terrestrial hazards tc manned satellites
the solar flave phenomenon is perhaps the least understood. Great flares
may emit both hard X-rays and relativistic particles that can be potential
dangers to space travellers as well as tnisensitive equipment.

We have sowme forecasting ability in the case of flares, but much more
is desired, beoth from a practical point aof view as well as for purely the-
oretical reasous, Further progress is not likely before a better under-
standing of the phyz2irs of the flare phenomencn is nbtained. Even though
there cgn be litrle doubt that the physics of flares is intimately linked
with the prcrence of strong magnetic fields in neighboring sunspots, an
acceptable theoretical explanation for the formation of flares is at pres-

ent not available,
.
¥
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I. Introduction,

There are zeveral extra-terrestrial phenom;na that are potantial

hazards to future space travelers. We mention:
1. Collisions with meteorites
2, Radiatiouns frem the van Allen belts
3. Effects due to flares,

Flares may emit both hard ¥X-rays and relativistic and rourela-
tivistic particles., Since the problem of solar X-rays mission has
already been treated at this conference, aé have the problems of me-
teorites and van Allen belts, I shall restrict myself to a study of

the particle emission.

11, Historical Remarks,

In recent years soiar protong have been observed many times at
ground level as well as by airborne equipment, However, it was prob-
ably in 1933 that sols - protons were firs:t recorded, In Maich of (hat
year a balloon was flown over Stuttgert, Germany end an ionization cham-
ber regiatered a pronounced inc-vease in cosmic rays simultameously with
the passage over the central part of the solar disk of an active sanspot
region. There is no record of a flare occurring but this may be due to
lack of observations in those dav:,

The first instance where a flare was seen simultaneously with the
observation of increased cosmic ray counts occurred on June 20, 1941,

A coincidence counter in Friedrichshafen, Germany registered this event

which apparently was due to an importance 2 flare,
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With the great sunspot srcup of February 1942 came the now famous
flare that was responsible for protons with energies as high as 10,000
MeV, This case is also notewcithy since it led to the discovery of so-
lar ralio bursts, generated by the flare activity,

Sinze World War II solar protons have been observed many times, Of

special interest ir the grear flare of February 23, 1956, “hir case was

4]

extensively studied and was to a large extent responsible for the rapid
growth cf the new solar-interplanetary space research, Then came the
Sputnik era, On November 7, i357 the first observation of solar protons
was recorded by Spuecnik II, On April 12, 1959 Lunik II observed the
heavy narticle component of solar cosmic rays, and Pioneer V cbserved
both protoas and electrons and/or y-rays on April 1, 1960,

All of these evente »eem {0 have been caused by great or very great
flares, but - as already pointed out by Firor nearly a decade ago -~ small

flares may also have a noticeable ef ect,

I1I, Flares -~ A Description,

On rare occasions flares may be obseived in white light., i.e,, they
emit a sufficiently strony continuous spectrum to be ncticed as a bright-
ening against ihe darker - but still quite brigiit - photesphere., The
customary way of observing flares are, h.owever, by recording the emission
of some spectral line - the Ralmer ines of hydrogen for example, or the
H or K line of ionized calcium., This may be accomplished hy a narrow
filter, centered on the line, or by a spectrograph. /electing the proper
line, When viewed Yy these technicues the flare looks bright against the
disk of the sun or, iy observed at the limb, against the dark sky back-

ground,
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The flares always occur in pre-existing brigh: plage areas in .ne

vicinity of sunspots, Thc area of flares varies from about 1017CM“ oy

20
smaller flares to as much as 10 cmZ for bix flares, Customarily, rhe

importance of 2 fiare is a measure of its area., When the area is wear-

urcd ia millionths of the sun's hemisphere (for conversion the sun's

radius is approximately 700,000 km) we give the importance of the flare

according to Table 1,

Table 1
Area ¢f flare in millionths
of the sun's hemisphere lmportance

£100 1-

160 to 250 1

250 to 600 2

600 to 1200 3
>1200 34

The energy output in the line emission is about 1030 ergs for an
importance 2 flare and may be as mich as 1032 ergs for th~ biggest 3+
flares,

The temperature of the radiating gas in frares is abcut 10,000°K
or siightly more, and the density 1011 to 1012 particles per cm3. 1f

1
the 1032 ergs come from a flare of area 5 x 10‘9cm2 this would corres-

pond to a flux of 2 x 109ergs/cm2/sec. For comparison the radiant energy

flux from the quiet photospheire ir 6 x 1010ergs/cm2/sec,

o

=y



S

PR RN ST T IRV

[ o

Xv-5-

IV, Flare-assccisted Phenomena,

There are a number of phenomena in the solar atmosphere iLhat seem

to be more or less intimately linked to the occurrence of fiares., We

mention:

e,

=~
.

Surger - dark or bright promineuces sheoting away from

the flare and apparently triggered by the flare,

Radio bursts ot Type IL and IV geem t. be caused by flares,
Coronal emission, This ir emission from hizhly ionized
metal atoms and occurs often in the corcna surrcunding
flares.

Sudden disappearance of quiescent prominences seeuis to

be initiated by some kind of disturbance originating

in flares,

Cosmin rays, high energy particler, are - as we have scen -
often expelied from flare regions. The physics of this
process is not underscood, but is one of cur main conceruz.
Particles responsibie for the van Allen belts, aurcrae,

and gecmagnetic storms are llkewise expelled from flare
re2glons., They have much lower energy than cosmic ray
perticles, and take of the order of a day to travel from
the sun to the earth while cosmic ray particles traverse

this digtance in aepproxirately one-half hour,

All these difierent phenomena should be taken into consideration when

we want to derive a flare model and to tind a theory to explain the flare

itseif,
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Physics of Flares any the Yjestion Mechanism for Cosmic Ray Farticles.

Since some flares, but far from all, emit energetic cosmic rays there
must be scme characteristics that determine a coomic ray flare. bHeveral
criteria have beer invesiigated but no one will uniquely determine a cog-

mic ray flare, We ma' say that when several of the following character-

istics are pregent there is a gnod chance of observing increased cosmic

~

ray activity:

1. The flare 18 accompanied by a Type IV radio burst

<, Trrt ol the flare covers the umbra of the sunspot :

3, T%he flare produces A polar cap absorption, i.e., in-
creased L-layer ioni-ation by 10 - 100 MeV protons,

4, 1he flare vccurs on the w.ostern half of the suu's disk -
thereby facilitating the arri.al at the earth of the
particles following curved paths (effect of sun's ro-
tation).

It is still a matter of confroversy wh.loner the ¢jectior of parti-les
is to be traced to mere or leas intrinsic propersies of the ilare itself
(criteria 1, 2 and J above) or whether the ceometry of the sun-2ecth ;
configuration (crireriim 4) is of prime importaucc;

The nature ¢f the flare itself is still slso a muc.cr of great un- i
certainty, One often reade or hears the stateument that flares are caused
by the annihilation ¢f pre-existing magneti. fields, It is true that thle i
fields thet exist around sunspots have enough energy vc cccount for the
spproximately 1032 ergs requived for a good-sized flare. This amount of
energy <culd for instance be made available by the conve.sion of gll the

4
magnetic energy in a 500 gauss field occnpyiug a cube whouse side is 2 x 10Pkm.



But the difficulty is that no process is knowan that allows a rapid eacugh
c~onversion of the magnetic e ergy, Probably the only nope of a solution
along these lines is the possibility of applying to "he sclay plasma the
instahilities 1ecently discovered in some plasma machines, There insta-
bilitics due to demsity zradientis seems to bpe able to destroy .agnetic
fields very efficieutly., The physics is, however, still not well enough
understood to allow & meaningful apolication tu flares,
Crarged particles can be accelerated ts high velocities in & chang-
ing magnetic field and it has her. =itggested that such acceleraticn is 4
responeible for the ejeciion of cosmic ray particles from flares, There
may be obgervations tc support this peint of view, Some authors claim
that the magnetic field changes rapidly with the onset of a flare, but
others do nct seem to find this,
Thus, aor only our understaunding of the physics cif flares themselves \
but also the theory for the ejection mechanism fcr cosmic ray pasticles

are still quite rudimentary.

V1, The Possibilitv of Flare Prediction,

We Live heard Dr, Yoman s exciting report that some forecasting
ability mry soon be developed in the case of micro-flares, When it
comes to the great cosmic ray flares we can, howevar, still do very
little, It is true that we can give the general rule that such flares
arz not infreguent at times of sunspot maximum (roughly every 11 years)
whereas they acre next to nen-existing near times of minimum, But this

is hardly to be labeled fore-asting.
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A’ 30, we can say that great flares occur near complex sunspst groups,
end fer the time being it is glong these lines that the forecasxting may
develog, S¢ tne best we can do is to watch the growth of sunspote and
if s group develeps a complex pattern, chances for flares to occur ia-
crease Jreatly, This may ve of some help 1or short~term missions in
space (maybe up to & week), but on a lenger t.we-scale our forccasting
ability is extremely pocr, As we heve seen, this is mainly due to lack
of underatandirg of the flare itself and of the necessary conditions for
flares to occur ir g given region oa the sun,

Consequently, additional theoreticel work is of the greatest im-

portance for the future of flare iorecasting, and hence fur space travel,

———
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TIRJS ~ THE FIRST METEOROLOGICAIL SATELLITE

by
Robert M. Rados

Goddard Space Flight Center

INTRODUCTION
In the comparati-rely short time available, T would like to
Describe the TIROS systenm
Show some of the rvesulte
Outline the future programs

Before discussing the TIKOS system we nust first ask why there is a
neced for a meteorological satellite, The armosphere is o global phenom'non
that is constantly in motion - moticn pr.sduced and influenced by complex ine
teraction of many events, such as unequal heating by the sur, the effect of
terrain irregulavities, and the rotation of the earth., These events take
place in the lowest 10 to 15 miles of the atmosphere.

Weather knows nc political boundaries., The metecrologist must observe,
describe, and understand the behavior of the atmosphere over a large pcrtion
of the globe if he is to explain and predict weather in any locality for any
purpose, Sone types of weather phenomera are short lived; they last only
several hours. Therefoie, accurate analysis and prediction of weather phe-
ncmena require both a8 rapid means of real-time cbservacion and rapid trans-

mission cf these observations,



XVl ~2-

The observations available tn the meteorologist befure TTRDS were those
maae in *he inhabited areas of the world, or from balloons or aircraft.
Atmospheric events in deserts, the polar areas, and oceans were undetected.
Only when evenis moved out of chese uainhabited arcas did <heir presence be-
ccme known, often tco late to ds anything for the protecticn of life and
3 £

Crm o/eY ¢cean

)

prepercy. For example, LulTicsuads reaa near the equator
and the first warning to a8 ground observation system occurs when the hurricane
strikes a ship, an island, or a coast line,

The meteorslogical sztellite can provide fuller coverage of atmospheric
eveuts, With adequate sensors, it alsc can detec’ phenomena such as tornadoes
and thunderstorms which exist in the inhabifed ireas but between the normal
observatioaal network,

t

The type of data which satelliter orovide is di;ferent from other ob-
i
servations and therefcre contributes >t only to uperjstional meteorolegy but
t0 a more complete understanding o ‘mospheric events, A sate.lite can view

an entire storm as opposed to oaly ,srifal obesr-aticn by other means. 1t

P

oy

can measure the balance between the solar absuroe: ¢nd «-F'acted radiation,
The meteorological satellite is not going to solve all weather puoblems,

but it I8 a major tool in tue colution of many problems,

THE TIROS SYSTEMS

TIRCS 1s an acronym for television and infrared observation satellite,
The TIROS program was developed for two bisic purposes: to demonstrate the
technical feasibilicy of obtaining meteorological dita, and to demonstrate

the practical vtility of the data obtained, To dexe, seven TIR(US satellites



XvVy -3-

have been launched, at a rate of two per year from 1960 to 1963. TIROS VI and
VII are now in roucine operation.
The TIROS program can be divided into four sys.ems:

The TIROS spa .eraft, whbich observes the earth and its
cloud cover and transuits dota to the earth

The three-stage Delta launch vehicle used to place the
spacecraft iu orbi

(a3

The greund stations used to command and control the
ss.2llite and to acquire data

The data utilization system, which distributes meteor-
oiogical information to the scientific coumunity

TIROS SPACECRAFT
The spacecraft includes:

Television suksystems to view the earth's cloud cover
and surface

Inf:'ared subsystem to detect the earth’s emitted and
reflected radiation charactevistics

Associated traunsmitters and receivers for commund
and data handiing

Control and telemetry circuitry for spaconraft stabiliza-
tion, housekeeping, etc.

The spacecraft has considerable flexibility and the subsystems vary somewhac
from one TIXDS to another, depending on specific mission requirements.

The spacecra‘t measures 22% inches in height and 42 inches across (Figure 1).
It ccnsists of a reinforced baseplate and a cover ass.mbly composed of a top frame
and 18 side panels (Figure 2), The four elements of thg transmitting anteana pro-

ject from the bascplate and the receiving whip antenna projects from ti.e cover

assembly,
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Th2 cover assembly provides an unobstructed exposed mounting platform for
the solar cclls, attitude sensors, and hovizon scanners, The attitude control,
precession dampers, and dessin wecnanfsm are also mounted o the cover,

The majority oi the spacecraft cowpenents are mounted on the basenlate
(Figure 3). The TV camera and two of the IR radiom:ters observe through oper-
ings in the baseplate and cover assembly. Two sects oi omnidirectional infrared

sensors project from the baseplate on radially opposed booms,

Televicsion Subsystems

The TIRDS television subsystems provide both direct ard remote cicture-
taking capabilities. ‘wo types of camera systems are curiently available: the
recording television subsystems, flown on all TIROS launches to date. and the
recently developed automatic picture trausmiscion (APT) system, scheduvled to

be flown on certain future launches,

Recording Televirion Subsryctems - The recording television subsystem -on-

sists primarily of a TV camera and circwitry for magnetic tape recording aud TV
transmissicn., Two complete units, capable of concurrent or independent opers.ions,
can be flown, The cameras operate in either of twe modes: direct picture caking
and transmicsion without storage, within range of the data acys:sitlon statious,

or recorded-picture taking and magnetic tape: storage over remote areas, Ia the
record mode, one or both cameras may be programmed by ground command to take

and stove a series of 32 pictures at 30-second intervals over prescribed remote
areas, Storved data readout and subsvitem programming are accompiished during

the ncxt pass over a data acquisition statiou,
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The cameras are mounted on the baseplate of the spacecrafi with their
optical axes parallel to the spin axis of the sparecrafs, The field-cf-view
and resoviction of each cimera vary with lens selection (wide angle, narrow ang'le,
etc,) and spacecraft orbital parumeieis (altitude and nadir angle). One ana one

half milliseconds exposure time is required to eliminate picture distortion due

*-
IS

(o}

pacecrafi orbit and spin notion, This function is provided by an electro-
magnetic focal-plane shutter and suitable tiwing circuitry.

The TV tubes are 500-scap line 1/2-inch vidicons with a persistence that
pemmits a 2-secdund scan with less than 20 percent degradation in picturs quality,

Sufficient tape is provided for recording 22 frames at a spzed of 50 .inches
pec second, During recording, the mechanism operates only during indivadual frame
recoxding; during play-back, the mechanism runs continuously fat 50 inches per
second in rhe reverse direction) until all the tape has been transferred and the
end-cf-cap” switch actuated, The tape is erasad immediately after playback, and

again just before recording,

APT Subsystem - The APT subsysren is designed to provide wice-angle c¢'oud
cover pictures in real time, The equipment employs the same Lasic principles as
the TV cemera - a camera~vidicou arrangement designed to operate from # spin-
stabilized spacecraft, The APT subsystem takes and tramsmits pictures continucusiy
on command during sunlit portions ~f the orbi:.

The APT vidicon is similar to the TV vidicon except for the addition of a
polys.yrene laver to provide erxcvended image storage c.pability. The tube is
operated through the prepare, expose, and readout phases by varying the mesh
potential with respect to the target potential, The image is projected on 2

prepared photoconductive layer, then transferred by potential change to the
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storage layer for readout. The prepave, oxpose. ~nu transfer operavicns usre
accomplished during the first 8 seconds of eacr 20b-secend picture cycle, the
rewaining 700 seconds are required for readont at a wcar r1ate of 4 lines per
second,

The vidicon outvuf is transmitted to local APT rround stations, where the

'V picture is reprecdured by facsimile for immediate local use,

Radiomet=r Subsystems

The radiometer subsystems are dezigned to perform infrar=d and visible
radiation measurements .n selected spectral regions, Thess d=te provide the
basis for anaiysis of radiarvion distribuiion for various regiony for measuring
the earth's heat budget, and for measuring the attewuating effects of water vapor
in the atmosphere (Figure 4).

Three types of sensors have been ftlown: the scanning radiometer, the no =
scanning radiomet~r, and the omnidirectional radiometer. The functiors awd ob-
jectives of tbte radiometers are:

The scanning radlometer measures the emitted and
reflected radiation of the earth and atmosphere o-er
five channels ranging from 0.Z te 30 microns.

The nonscanning radiomcter, last flown orn TIROS IV.
measuresd the total radiation from the vicinity of the
earth in the 0.2 - to 50-wmicron region and, separately,
the radiation emitted by the earth in the £ -« to 50-micron
ragion,

The omnidirectional radiometer provided measureme ats for
detesmination of the earth's thermal vadiation
characteristics,

The TR recorder records continucusly except daring playback, erasing

immediately before recording. A 200~foot endiess~loop mylai tape provides full
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orbit ccverage at a recording speed of 0.4 inches per second., Upen interrogation,
the tape is played back at 12 incies per second thruugh the 237-Me IR subsystern

transmitter,

Command and Control Subsyrtem

The command and control subsystem receives, stores, and executes command
and dita acquisition (CDA) stat'on commands that control the various spacecraft
and su.bsystem operations, The subsystem consisus primarily of a 148-Mc receiver,
decoder, aud bandpass network. The unit reccives and demodulates the tonce~ mo-
c¢ulated CDA station transmissions and channels the various rommands (represented
by a reries of audio-{requency tomnes) into the proper contrel and programming
circuitrs, Operating in conjunction with subsyste~ switching circuitry for
immediate action, and with subsystem clocks for remote o, ‘raticn, the system
controls the following functions:

Direct TV picture transmission

Recorded TV ani IR data transmission

TV subsystem programming for remote operation
Telemetry cransmission

Sninup rocket selection ard fiviug

Bedacon trancinitter switching

Operation of the magnetic attitude control

Command Functions - All command functions are performed when the space-

craft is within communicat:ons rang= of a CDA station. 7The CD4 stations are so
located that at least one will be within communications range for a minimum of 6

minutes for an average of eight »f the 14 orbital passes each day, During a pass
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over a station the recorded TV and IR data are transmitted The TV subsystem
is programmed fory remote operation, and stcred or direct TV is transmitted,

Diregt Pict.re Transmjssion Command; -~ Direct IV pictures are talen and
transmitted directly to ground while the snacecraft {5 within radio range of a
CDA station. Either camera may be used or both may be empleyed alternately,
Two scquences of pictures {one before ana one aftar recorded data transmission)
are possible d.peading upon the selected duration of each pictuve Sszquence and
spececraft pass time,

Recorded TV Data Transmiss:on dand Programming Commands - Recordad TV data

playuvack follews direct camera sequence., 1V tape-racorder readout sequeace is
selected to eliminate transmitter warm-up time by emplaying the camera subsystem
traasmitter in operation at the time cof switchover from direct to playback wmode
of operation., Start of a playback seguence causes the direct picture-taking
sergence to cnd immediately regardless of direct sequence programming. Feur
playback selections are available: camera 1 ¢nly, camera 2 inly, camera 1 then
2, and camera 2 then I,

Programming the TV subsvs..w for a remote picture-taking sequence takes
place during 2aaouvt and transmission of the previously recorded picture datd,
Eithe . neiter, ur both camera subsystems ma; be programmed. However, each sube
system clock is set independently; that is, subsystem 1 clock is set during play-
back of subsystem 1, and subsystem 2 cloc!" during subsystem 2 playback. A pulse
from the CDA svarion master clock starts the spacecraft clocks, If only one

camer? subsystern is programmed for remote operation, thc pulse must occur either

. the ~ad of that camev3 playback vequence, or at least 4§ scecoads after the

"~
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start of direct camera sequence II, Whau both subsvstems are programred the
puise must occux after 40 seconds of direct camera sequence 11X,

Recorded IR Data Trensmissicin Comminds - The IR equipment operates con-

tinuously, recording at all times except during playback, Two seconds after
playback of vl.e TV data begins, a rime-reference pulse from the CDA station
master clock is recorded on the IR tape, indicating tte end of the IR recording
cvele, Acteal playback of the IR data begias 20 to 23 seconds jater upon com-

nletion of TV dara playback,

Stabilization and Control Subsystem

The primary requir:ments of the stabilization and control subsystem are
to eorient and spia-stabilize the spacecraft, Proper selection of the ratio f
principal moments of inertia, together with an internal energy absorber, permit
the spacecrait tc be spin-stabilized without wobtle or precession about the de-
sired spin axis,

Precession Dawping - Precession damping is accompliished by two turned

energy-absorption mass (TEAM) mechanisms installed vertically, 180 degrees apart,
on the spacccraft inside wall, Tae TEAM mechanisms convert the kinetic energy,
tending to cause the spacecraft to precess,

Spin Rate Reduction - The spin-stabilized rhivd stage of the launch vehicle

imparts a spin rate o. vwoproximately 120 rpm to the spacecraft at separation;
however, optical consideratiu?€~rgguire that the sparecraft spin rate ve reduced
to npproximately 12 rpm bofore IV subsystem operation, Effective spin-rate re-
ducticen is provided by a despin device, known as a jyo-yo mechanism, consisting

of a pair of cable-attached misses atfixed at points 180 degrees apart on the
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periphery of the spacecraft, During launch 2nd injection, the cabie: are
wrappel around the spacecraft and te masses are secured by squib-actuated
release mechanisms. After spacecraft separation the despin release circultry
(or, if required, a ground station back-up command) frees the masses, per-
mitting centrifugal force to unwind the cables, As the cables unwind, kinetic
energy is transferred from the vehicle *o tha despin masses, When the cables
extend radiailiy from the spaccceraft, suificisnt enerzy has been transferred to
accomplish the required redretion in spin rate, The cable-attached masses then
slip frow open hooks &ad separate from the spacecraft,

Spin-Up Kockets - Becduse of the 'drag" effect of the interaction between

the earth's mugneriz field and the magnetic materisl in tuae spacecraft, the spin
rate would eventually drop below the cesircd 9-rpm minimum. To maintain the spin
rate within acceptabie limits, 9 to 12 rpm, five diametrically opposed pairs of
solid-prorellant rocket motors are mounted around the periphery of the spacecraft
baseplate, When fired in pairs, by ground command, the motors provice a 3-rpm
increase in spin rate to compensate for the "drag" effect,

Attitude Control Decice - The attitude control device consists primarily

of a 250-turn coil of aluminum wire wouﬁd around the periphery of the spacecraft
and 1 pulse-écnttclled, solenoid-operated stepping switch, The steppging switch,
operating in response to ground station commands, permits the coil to be emrgized
in either direction (current flow) at six voltage values from zero to 6,3 volts,
Each change #n curyent effects & curresponding change in thz induced magnetic
field of the spacecraft, providing, through the ineraction of the magnecic fields

of the spacecraft and thu earth, the mechanical force necessary for attitude control,
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Position Indicctors

Attitude Ind cator Subsystem - The attitude indicator consists of & narrow-

field (l-degre~ Ly l-degree) .nitrared boloweter, compicte with differentisating

ar- amplifying circuitry. The senzor, mounted with its optical axis perpendicular
to the «<pin axis of th. spacecraft, scans space below as the vehicle rotates., The
sensor spe-~trai response (flat between 7 and 30 microns) and tiine constant (2,0
milliseconds) are felected to provide an accurate response to the earth's heat
outpur during the horizon~co-hcrizon portion of each s-an. The occerrence and
duration of the earth's heat pulse constitute the indicater cutput,

In operation, the output of the sensor is differertiated to aveid ae-
amplifier and temperature stability prsblems, and is amplified prior to trans-
missicn from the spacecraft., The leading and trailing ediges of the "earth pulse"
are amplified co provide a rominal 5-volt peak-to~peak analog signal, The analog
eignal frequency modulates the 1300-cps beacon oscillators, which in turn amplitude
maocclate the veacon trausmitters, The attitude-indicator sutput is transmitted
continucusly except during telemetry transmission,

Simply, this subsystem aliows us to lccate the spacecraft relative co the
earth.

North Indfcator -~ The north indicator consists of a series of ninz light-
sensitive sensors mounted behind vertical slits spaced cvenly around the per-
iphery of the spacecraft, Rotation of the spacecraft causes the sensorz to view
the sun sefquentially, Each sensor is connected to 2 cne-shot multivibrator that
produces a coded pulse {short, medium, or loug pulse duration) when triggered,
Sensor-mounting sequence provides pulse width cembinations that permit determimaticn

of sensor position (with respect to a zero veférence line) from the output of two

N/

EoC . W Ln e



Xvi-12.

sensors, The sun-zngle pulses are shaped and amplified by the north indicator
elcctronics for cransmission with the TV data, Actual north indication :s
computed from this sun-angle informstion and spe-ecraft spin rate at the ground
station.

Again, simply, this fundicator allows us to orientate the spacecraft with

respect to the suu,

Spacecraft Telemetry Subsystem

Two telemetry switches arxre provided in the satellite, one associated with
each beacon transmitter, The output of these switches amplitude mocdvlates each
beacon transmitter upon receipt of a2 commard from tie CDA statiouns.

All telemetersd information is in the form of . dc voltaze lying witnin
the limits of + 2.5 volts. Various spacecrafit temperatures and functional par-
ameters of esch subcystem are monitore!, the telemetry swirch dwell time being
approximately 1 second for cach of its 30 contacts, stepping automaticaily until

it reacnes step 40, the last pocition,

Commuunications aud Daca Handling

The TIROS communications system provides the radio linls for receiving
ground-command signals and for trausmitting tracking, telemetry, =nd experiment
inteiligence from the spacecraft, Spacecrafr transwitting capabilities are
provideas by radio liuks consisting of:

Beacon transmitters (136,23 and 136,92 Mc)
TV transmitter (200-Mc band)
IR transmitter (237 Mc)

APT transmitte~ (136,95 Mc)
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Antenna Subsygterm

The anten.a subsystew consists of a trausmitting antenne and & whip ov
dipole rec:iving antenma

The traismit:inp antcuna is made up of & pair of croseed dipoles led in
quadrature .. ° - ¢ we clircular polarication. Each of fnur vadiating elz2ments
(mout :ea rddiule o the lower surface of the =pacecraft) consists of a 32.5-
inch rod {0.36 wavelengths at 135 Mc), which also serves as the center conducior
of a woaxial slceve <vternding 12 inches (¥ wavelength at °35 Mc¢) frow the base
~nd of the rod, The rod and sleeve are connected at the base end to form a short-
circuited transwmission line within the sleeve, Suitabie matching and coupling
ne-wovks permit the system to transmit each of three frequency bands with cuf-
ficient isolation between transmitters to prevent iuteraction.

The receiving antenna 15 a separate %-~wave monopole positioned vertically
at the top~center of the spacecraft (the neutral plane of the crossed dipoles),
By virtve of this positioning, approximately 45-db attenuation is achieved be-
tween the transmitting ard receiving antcnnas preventing transmicted energy from

blocking the receiver,

Thermal Control

A combination of passive rhermal-control techniques are employed to rrovide
acceptable average temperatures throughout the spacecraft, The techniques em-
ployed include:

Proper absorptivity/emissivity ratio suxfaces and sur-
tace coatings

Construction techniques and material selection that pro=-
vile a suitable heat flov pattern

Solar ¢»211 filters

Yewm - ﬂilﬂ
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The tor anc side surfaces of the spacecraft are cubjected to the greatest
incident energy flux and are therefore provided with surface coatings thet re-
ject the maximum amount of energy. Owing co the large area-to-mass ratio of
these surfaces, however, the temperature would tend to excecd desired limits
if only radiation cooling were used, To prevent overheating ard to increase the
temoerature of the lower surfaces, the structural design permits maximum radiant
energy exchange, All possible intcerior surfaces are blackened and thermal re-

sistance is minimizea by providing adequate heat flow patbs,

Power Supply

Power is obtained from tne conversion of solacr energy by silicon cells
located on the top and side surfaces of the spacecraft. The cell requirement
(9,200 1-cm by 2-cm cells) is based on the variation in load due to snacacraft
and experiment demands duriug light and dark periods; the period of coincidence cof
illimination time versus interrogation time; and an anilysis of cell mortality on .
prevvious satellites, The cells are connected in series-parallel arrangements
based or the voltage current requirements of the spacecraft ia coniunction with
the fluctation in illuminated cell area due to spacecraft rotation and orbital

day duracion., Power is stored in 21 series-ccnnected nickel-cadmium cells,

LAUNCH VEHICLE

The iaunch vehicle for TIROS I was a Wuor~Able; however, all subsequent
TIROS spacecraft were launched by the three-stage Delta comsisting of a Thor
first stage, Aecroiet General second stage, and an Allegheny Baliistic Missile
third stage (Figure 5), Stages one and two are liquid; the third stage is solid,

The roucke! is 92 feet high, 8 feet in diameter, and weighs ahocut 112,000 pounds
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at liftoff (Figure 6). During liftoff, the Deltit consummes oxvgen enough for
6 million people,

The delta, successful or. all but iis first attempt, h. s nad 19 straight
successes,

The satellite i:. put into a nearly circular 4090-mile orbit (Figure 7) ana
takes approximately 100 minute.. to civcle the earth. 'The zngle of inclinat.ion
was 48 deprees for TIROS I through IV and 58 degreas for TIRGS ¥, VI, and VII,
The angle of inclination is limired because the first and second stages wnast be
disposed of over unirhabited areas, All launches have be-u from the Atlantic
Missile Range in a noctheast direction,

Tracking of the TIROS sra.ecraft for purposee of orbit determinatioa is
periormed by the NASA satellite tracking and data acquisition network (STADAN),
The orbit is determinad after launch and is continually updated., Frem this in-
formation the time of acquisition of the spacecraft is determined for each of the

data readout statroas,

COMMAND AND DATA ACQUISITION

Two primary CDA stations have teen established to acquire and process T1ROS
daca; Wallops lsland, Virginis, and San Nicolas Island, Calitornia, at the Pacific
Missile Range (PMR). An auxiiiary command station, us ! tn start spacecraft
¢lncks, is Jocaced at Santiago, Chile, A secordary CDA station ia Princeton, New
Jertey, is used for lacal analysis of system operation, A third primary CDA
station is beinyg established at Fairbanks, Alaska, The Alaskan station is ex~
pected to be operational ia 1964,

The satellite orbits the earih approximately 14 times per day, Because of

ti.e Jocation of the UDA stations, an average of 8 orbits can be interrogated, The
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other & orbits cuunot be utilized except by z special iechnique which allows one
additional orbit to obtain pictures. 7This special technique is to program the
cameras after the last pass over PMR and then trip the clock to start on a future
orbit which uver-flies Santiago, Chile, 1In this way, a specific area may be
viewed durin. one of the orbits which does not pass aver either Walliops or PMR.

O0f the eigh. orbits usually obtained hily, two 1re available at Wallops
only, two are available ~t PMR only, and fouvr are common to beth,

The CDA stations perform the foilowing tasks:

Trarsm' t signale to the spacecraft for programming its operation
and data transmission

Receive signals carrying TV, IR, attitude, and telenetry
data from the spacecraft

Extract the TV, IR, attitude, and telemetry data from the
carrier signals

Record and identify the data
Relay recorded data to the TIROS Technical Contzol
Center at Goddard Space Flight lenter and to the U, §,
Weatuer Bureau in Suitland, Maryland
Th receiving antenna for the PMR CDA station is a 60-footr-diameter jar-
sbolic reflector type (Figure 8\; The antenna has & gain of 30 db at 235 - 237
Mc, and a gain of 2¢ db at 13¢ c¢. Both the 136-Mc and 235 - 237-Mc elements
permit polarization diversity reception,
The two antenna systems at the Wsllopc CDA station are a General Bronze
high-<ain (235- and 237.8-Mc) multielement array used for TV and IR tracking

(Figure 9), and a Kennedy multielement arra, for beacon and otner telemerry track-

ing (136 Mc) (Figure 10). The General Bronze Antenna has a gain of 2¢ db and the
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Kennedy antcnna 4 gain of 23 db. Both of the antennas provide for poelarization
diversity receptioun.

The aptenna at the Fiarbanks data-acquisition facility is an R5-foot
parabrlic ceflector having approximately 33-db gain at 235 Mc and 23-db gain
at 136 iic (Fi-ure 1), The system has provision for pclarization diversity

recer-tion,

Command =rd Re.idout Equipmeat

Each CDA station 1s equipped with a complete complement of eguipment for
the commnand, reception, recording, amd display cf TIROS television, infrared, and

other telemetry data.

DATA UTILIZATTON

The data from the satellite are recorded in sevéral [ormacs. All data are
recorded on magnetic tupe which can be played back at a later time. The telemetry,
recorded on strip charts, includes housekeeping information such as location of
tae satellite, tattery power, temwperature of sensors, etc, The IR data are pro-
cessed and placed nn scparate magnetic tapes which are then mailed with orbital
infermztion, calibrations, and altitude., Finally, the data are plotted on maps
or used in computations of radiation balance, etc, The TV picrure is played
through a kinescope, Pictures are taken of the scope, processed, and prints are

made,

Attitude Determinatcion

Attitude~determination teams are located at each CDA station, Assisted by

a digital computer, the teams determine the operztional attitude of the spacecraft
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spin-axis, They use all available snurces of attitude fur their determinatiov,
Upon determinztion of attivude vaives, the va-siie teams prepare longitude and
latitude overlay perspective grids to he used in tue TV data analyses,

The final definitive attitude is accomplished on a GSFC 7094 computer by

the GS¥C Theory and Analysis Oiflice,

IR Duta Reduction and Analysis

The IR daca are recorded cn magnetic tape at the CDA s(otion., The tipe
is forwarded to GSFC where the data are demodiiated and couverted from analog
to IBM 7094 digital format, The IR digital data, rogether with satellice de~
finitive orbital and at%ituae information and calibration data, are processed
on the TBM 7094 computer to produce a Final Mereorolegi.al Radiation ape

(FMRT) (Finary).

Meteorologica®l Analyses

Fachi CDA stoatjon has meteorologists on site as an integral parr of the

station team who are respousible for making real-time analyses of the [IRCS TV
picture tube, Theso analyses arc transierred to a map chart ir the form of
graphical identsfication of the cloud elem.nts observed, The charts, called
ncphanaiyses, are transmitted by line facsimile to the National Weather Satellite
Cencer (NWSC) Ly GS¥C. At NWSC, the nephanalyses urderzo 3 quality contynl check,
are vedrawn, aad schoduled {or transmission to some 4C0 recipients over the
high~alcitude and national lacsimile circuits, The rephanalyses are retrans-
mitced frow these ¢ircu.ts on the west, east, and southcast coasts to the Far
East, Buropae, and South Americu,

In addition to the graphic nephaunalyses, coded teletype nephanalyses are
produced at the NWSC for tianvvission over national and international weather

teletvpe circuits,
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In addition to the graphic nephanalyses eransmissions, selected gridded
pactographs are transmitted by GEFC to the WWSC using photofacsimile cquipment.,
These photofacscimile pictures are selected (o provide samples oof arizinal does
from which rhe analyses are made ard to provide complementary or addiricaal
data to the nephanalyses, MNWSC retransmits these pliotofacsimile pictures wo
regional and other weather centers throughout the Uaited Staces cver the uziioast
und high-altitude faceimile civcuits. The recipients of che photofacsimile data
inciude Honolulu, Hawaii; San Juau, Puertoe Rico; Anchorage, Alaska: Sau Francisco,
California; Miami, Florida: Keorsas City, Missouri; New OUrleanc, Louisiana; Point
Mugu, California; Idiewild Airport, hew Yorvk {ity; Charlestoa Air Force Base,

Sogutk Carolina; Psb.ick Alr Force Biuse, Florida; and Cape Canaveral, Ficrida,

Archival Aetivities

Avcuiving of the TIROS TV and IR data is the responsibility of GSFC., [he
gaotographic facilities of tha CDA stations, a special [ilm control oitice at
Waliops Station, «nd NWSC are utilized for film preparati<an «nd producticen for

archival storage, The {in2) repository of TIROS archival film is the National
Weather Records Ceater (NWNC) at Ashevi_.e, N. C. The final Mcteorological

R:zdiation Tape is the archival record for IR data, and it, toc. is availansle

at the NWRC, Asheville, N. C.

TIR08 Technical Control Center

A tecknical contrel center is located at GSFC to coordinate and direct the
operational activities of the project, as well as rto menitor in real-time the
sprcecrafi and CUA station functicns, Requesis for data arce roceived and o=
valuated in terns of the current r real-rume capabilitics, The magretic

ogvam is directed fror this heart of tbe svstem, Using
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all awaiiatle infurmstion, the re.'wmicai conirat center establishes the dally
prograc of che sateliite and schedules the (pA staticn activities, Tc¢ is here

that auy =mevzency procedures ave estiblished ind here exist. the focal point

of all operational insljses f£nr future bensfiv to the project.

PROJEC. RESULIS

Table 1 swrmarizes the resuylts cbtained ty the seven TIROS satellites
launcned %o date.

Some: additional results of che satellites are:

TIRCS 1

Demonsrrated the feasibility of providing and using TV
pictures for meteorulogical amalysis and forecasting

Proved utility of certain types cf sateliite dynamics and
thermal control

Proved versatility cf electronic and mechanical com-
ponents

Power failure caused by a “'stusx'" relay
Analysec of spin-axes motion
TIROS 1I
Deronstrated feasibility of the IR experiment
Demonstrated reasibility of wagnetic attitude control
TIKOGS III
First satellite to be quasi-operational
First satellite hu-ricane observation
Observed hurricane Esther 2 days before other metnods
Developed analyses techniques
International cooperation

Failure caused by 1 recorder and 1 vidicon degradation
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TI' 95 IV
Initiated continuous ¢ rversge
Provided ice reccnnaissance

Supported the Glenn Orbital Flight Ranges - Antarctic
supply

Isaproved techniques o attitude stecring

Shutter ciscuit and tape recorder failures
TIROS V

. o

increased coveiage -~ 60

Failure due to vidicon-chutter electronics
TIROS VI

Still fimctioning - 335 days as of August 15 - 60,060
pictures -

1nss of one camera = vidicon failure
TIROS VII

Northern and southern hemisphere coverage witl: phase
opposition to TIRGS VI corbit

Us2ful life of 4G cays as of Augnst 15, 1963
Figure 12 shows a typical TIROS picture after the grics have been computed
and superiuwposed on the picture,

. Figure 13 is a TIROS picture of the Red Sea and the Nile, showing the
clouds associated with the jet stream and some clouds associated with mountain
wave phenonena,

Figure 14 is a comparison between a geographical presentation of the Great
Lakes Area and photogiraphs produced by TIROS. The TIROS photographs show clouds

over Southern Canada caused by moisture picked up vver the Great Lakes,



Figvre 15, another comparisia of & geogrophical presentation sith an
actual photograph, shows clouds over Sicily, ltaly, and ithe Alps.

Figure 1€ shows the southeustern seccion of the United States, primarily
Florida, which {s covered by cuemilus or thunZerstorwm activity. The squail lime
exterding east to west ovex the Gulf cf New Mexico would not have bezn dotected
bv nsreal means of ohservation.

Figure 17, the swirliag vortex of Hurricare DNaisy (fourth tropical storm
during 1962) wes phorographed by T-RDS off the east coast of the U:oited States,
TIRDS detected all tropical storms in the Atlantic and Pacific Oceans during
the first half of the 1962 hurricane seasen,

Figure i8 is a series of picturea nf Typhcon Karen in the P.cific. taken
on aifferent days during its course from northeasc of NWew Guinea to Japan,

In Figuce 19, the lower photoyraphs are & zosaic nf Tictures taken oy
TIROS over the eactern Pacific, the United States, and southern Canada; the upper
chart shows the corresponding cloud depicticn after rectificatiorn and synoptic
analysis, The clcud scructure as seen by TIRNS follows the classic description of
clouds associuted with a polar front,

Figure 20 is a mosaic of clcid plctures teken by TIROS on a single day
in the southern hemisphere, illustrating the quantity of normally uncbserved
area that cea be put under the surveillance of the TIRNS weather satellite,

Figure 21 is a composite of all nephanalyses made on one day from TIROS
paszes, On this particular 4ay, five wajor tropical storms and vortices were

obeerved by TIROS: lwrricanes Carla, Debbie, and Esther, &ud typhoons Nancy

and Pamela,
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In Figure 22, the uppe: map showe thermal {solines pletted from infrared
daza cbrained by TIRCS; a nepracalysis of cloud cover photeography is super-
imposed on the lower map, Since the colcer temperat:res indicate that the
cloud structures are at higher aititudes dnd the maximum cliud-top heights
represent the wost {ntense developmeat, the infrared analysir proves to be
consistent with the cloud pictures obtzined by TIROS.

Figure 23 is a photograph taken dy TIROS just before John Glean's eeantry
froa his earth crbit, The arrcw in~icates the point where Glenn landed, This
photozraph is one of many taken by TIROS in support of Proiect Merzury.

Figure 24 shows the Mrditerranean, the Riviera. and smow cover in the
Alps, TIROS photographs are be'ng studied to detcermine whether these cobsdr-
vations can be us:ful in evaluation of wacter resources,

Figure 25 is & photograph of ice cover in the Gulf of St, Lawrence, The
large mass cf white is ice, not cloud, TIROS photographs have been used i: ice
reconnaissance and in support cf the Navy's Artic Resupply Task,

. Figure 26 was photographed near the Canary Islands; The cloud pattetrns
observed demonstrate the feasiblility of streamlire analysis in the equatorial
area, The numerous patterns in the cloud formations show the eddies in the
wind field,

Figure 27 is & TIRQS photogrnci: taken over Ontario, Canada,

FUTURE TIROS PROGRAM

The current TIROS has ceveral limitations. It is limited by power, by
the orbit, alticude, sunlight, and ground stations, These limitationz iu cturn
affect the coverage, the timeliness of data, the accuracy and frequency of ob-

aatrvations, as well as the type of observations, Thke future program - seven
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additioual TIKOS satellites to be launched Zn the nexi: 2 years - is designed
te decrease these limitations and to contribute tou technologies of future
sazellite systems, At the same time as these missions aim tcwarc thes: goals,
daily observacions will be provided. All of this will contribute to =2 letter
understandingz of tne atmosphere and its w-tion. Advartage is being t.ken of the
developments in the field of space and associated sciences, e. g., the incireased
capability of the Delte rocket will aliow optimum orbits,

Specirically, the future program is designed to:

{1) Develop a local readout capabilicy and therzoy provide im-
mediate operational use of satellite data

(2) 1Iucrease the arsa of observatlorn of the ea_th's cloud <over
and radiation bvdget

(3) Increase the frequency of observaticns
(4) 1Increase the accuracy of observatious

(5) Develop sensors and techniques for a synchroncus mateorc-
logical esatellite

(6) Devalop techniques for more effective recquisition of data

(7) Develop techniques for more effective processing and use of
data

The next TIROS, TIROS H, wiil be similar to TIROS V1 except that ome of
the TV camevas will be the automatic picture transmission (APT) type. This
APT system consists of a wide-angle camera and & transmitter which transmits a
picture continuously as it is taken, With comparatively inexpensive ground-
station cquipment, the picture can be received and used immediately for local
analysis and forecast, It eliminates the need to transmit the picture to a
central point and then vetransmit to the users, The AZcuracy of weaéher fore-

casty varies inversely with the time of observation on waich the forecast is
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based, With the APT system, cloud observations wjill be provided to the local
users in miniomum time,

TIROS I (eye) is designed to increase the area of meteorological otser-
vations and to improve the accuracy and resolution of the picture. The space-~
craft will be ccnfigured in a wheel mode, with cameras pointing radially from
the spacecraft (Figure 28). After lavnrh, the spacecvaft will be positioned
normal to the plane of the orb:t. +fhe wheel configuration will result in pictures
taken with a minlmum nadir angie, thereby eflecting greater accuracy.

With the increased capability of the Deulta vehicle, the orbit will be
approximately 82 degrees retrograd:, or sun=-synchronous, This will afford
maximum coverage of the earth earh day within the limitations of camera =2ngles,

About a third to a fourtb «f the earth will be ohserved each day with the
total earth being viewed ever; 3 days, as compared tc the one=fifth now being
viewed each day,

The data-acquisition facility at Gilmore Creek, Alaska, will bs uced,
allowing acquisition of a greater percentage of data, Ten of the 14 orbits will
be acjuired daily,

The TiROS J and K missions will be aim~d toward developing a capability for
continucus single.picture observations of the earth. The continucus observation
capability will allow us to observe mesoscale and other phenomena which have life-
times that cen ba complete between two successive olLourvations of the area,

These miseions will be eccentric orbits In the crder of 300 to 3000 miies and ’
300 to 42,000 miles., At the apogee of each wmission, the cameras will view the
entice disc of the earth; in 22,000-mile apogee orbit, they will view a particular
rortion of the earth continuously for 6 hours. The specifics of the camera and

lens required, the transmitter, etc.,, are being investigated,
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The remaining missions are intended to further develcp the techuologies
associated with the current or planned missjons,

In closing, I weould like to note that the vesults of TIR0OS have been of
direct benefit to each and every one of us, I do nmot kuow f anyone whe is not
berefiting from weather forecasts based on TIROS data,

One other note. The success of TIROS is due to mamy people with a will
toc succee( -~ a coimbination of people from many govermment agencies and industry,

and gcientists working together with a commea aim,

e ®
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Figure 1 - TIROS Spocecraft
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Vehicle with a TIROS Spacacraft Lifting Off from Cape Canavercl, Fla.

Figure 6 - Delta Lounrh



dow 1o01G40 | SOUIL ~ £ ainbiy

K
¢

B TaN

<49
H

j‘a !

o ]\ 0 A r C. gl 0 “wo)
B A st - IA.ll B A e s mhe - - h...l .l..mvll - Jl’lJ{
-1-1 _ TTINDLR ZUGI-A ; —
iv muine el S H
. %n 2 d
AV SN LIS
L0 e L) - — 2
M0 N LD K o
i‘ﬂ&ll - o6
LOND W =D \ o~ -
TG0 S0WL 1I9P08L . - ; hi
: : — : R A 1
S S i SN SN N QU AN R SO B S 1y SR L SRy A —
M./ . * - d ¥ b
o ~
ﬂlnvbw ..&x
X . o RS T
o .
’ 1 N \m
- s -lo L“ - - N N - - - ‘.Hl. - = - — —~ o - -

f o - -~

3
[

viS Q310




Figure 8 — Sixty-Foot-Diamerer Parabolic Antenna, PMR




Figure 9 — General Bronze Multielement Array, Wallops Island
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Figure 10 — Kennedy Multielement Array, Wallops {eland
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Figure 11 - Eighty-Five Foot Parabolic Antenra, Fairbanks
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0% i graph Showing Jot Sizeam and Mountain Clouds




Figure 74 — TIRDS Looks at the Great Lakes



Ajui) 10 $1007 SOYLL ~ & #anbrg




s

TIRQS Photcgraph Showing Southeastern United Stotes

Figure 16
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rigure 17 — TIROS Photcgroph of Huiricane Daisy
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Figure 24 ~ TIROS Photogrophs Showing the Me-iterrunean, the Riviera, and Alps




Figurs 25 — TIROS Photograph of Ice Cover in the Gulf of St. iLawrence
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Figure 26 — TIROS Phosograph of Cloud Patte:ns naar the Canary Islands




ieture taken by Tiros 1i on 4 April 1961 with narrow-angle camers. Location of picture center s
49°N futitude, 81w longitude. Photograph covers town of Cochrone aid odiacent creas, Ontario,

Conada.

Figure 27 - TIROS Photograph Takea Over Ontario, Lanude
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THE NIMBUS SPACECRAZT SYSTEM
by
Harry Press
National Aeronantics and Space Administration

INTRODFICTION

The Nimbus project is the follow-on to TIROS in the NASA meteovological
satellite program. In Nimbus, a major effort is beiang made to achieve a global
operational megeorologicgl satellite system of great versatility; reteorclogical
in the sense of earth atmosphere viewing, operational in the sense of providing
global data in real time, and versatile in the sense of a large and expanding
capability.

The Nimbus project was iaitiated early in 1360 as a NASA research and develop-
ment proizct. A team ai NASA's Goddard Space Flight Center evolved a basic pre-
liminayy design. Procur~ment of compcnents and spacecraft subsiystems for prototype
a2 1 flight hardware construction and qualification began ian 1960 and 1961; a
separa-e procurement for construction of the spacecraft ziructure and for integration
and testing of the complete spacecraft began in early 1961,

At present, the design phase is essentially complete and all the individual
systems have completed prototype construction and qualification, Full prototype
spacecraft integration and testing is now under way, while the f£irst flight space-
craft is concurrently being assembled, A series of flights has been scheduled with

the initial one scheduled for this winter.
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The purpose of this paper is to diecuss:
The fundamental criteriez and conditions that formed the basis for
the Nimbtus spacecraft design
The characteristics ot the wimcus spacecraft and its major sub-
sy5tems
Some of the problema encountered in the spacecreft development

The current status of the program ..
COMPARISCON OF OVERALL FEATURES OF TIROS AND NIMBUS

To indicate the technological asdvance desired in the Nimbus program, it will
be helpful to compare the overall features of the Nimbus spacecraft with those of
its predecessor, the TIROS spacecraft. Table 1 shows a ge;eral comparison of some
of their significant features. In all respects, it can be seen that Nimbus re-
presents a more sophisticated and cowplex spacecraft. Perhaps the most significant
features are the choice of an earch-stabilfized platform and the polar orbit, This
combination yi>lils the significant result of providing full-earth coverage on a
deily bas{s {n contrast to the limited TIROS coverage. <{ther significant improve-
ments include the use of threce multiple cameras with higher zesolution capabilities,
an appreciably larger power supply, and the addition of a high-resolution {nfrared

radiation syatem {KRIR) to provide righttime cloud coverage.
BASIC NIMBUS DESIGN CRITERIA AND APPROACH

Basic design criteria governing the Nimbus spacecraft dasign are summarized
a8 follows:
A system design tailored to support the basic sensors required

to measure atmospheric phenomens, these sensors initially to
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provide television pictures of che earth's cloud over and infrared
radiaticn measurements
Inherent flexibility in the design to facilitate system and sen-
s0r modifications and evolution
A geometry and mass distribution that supports the control system
action
Complete global coverage on a daily basis
System dimensions and weight compatibi= with a medium-sized booster
system (YThor-Ageva)
Long satellite life with a design objective of 6 months
Application of current s;;ie-of-“hc-art to ensure system ve-
1iability and early flight capability
Rapid data acquisition and transmission to permit application to
weather forecasting
Minimum overall system costs per data point

These design criteria and conditions restvlted in a concept of the Nimbus

spacecraft that included the following charac.eriscics:

A polar ("high-noon") orbit to permit cowpleve earth coverage by
utilizing the rotational motion of the earth; an 8(-degree inclination,
retrograde orbit to mainte n the high-noon sun aspect for long neriods
A thregeaxis earth-stabilized vehicle, with poirting accuracy of
+1 degree In all axes snd slow (0.05 degrecs per second) rotational
rates
A 500-nautical-mile flight altitude, chosen as a design compronise-
(The TV camera resolution requirements favor a lower altitude, while

the higher altitude reduce the numher of ground Jatz-acquisition stations

cequired.)
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A 650-pound spacecraft (design goal), with a primary weight allocation

as follows:

Control system 150 1bs.
Power supply system 200 1bs,
TV and IR .sensors 200 1bs.
Telemetry aud command system 3G 1bs,
Structurc {torns and truss) 60 bs.

A modular approach in spacecraft layout to permit exchange and
evolution of subsystems and sensors with minimum difficuity — (For
example, the corntrol system is a separate package.)
An S-band data transmission sysiem, as well as a VHF system, co
permit rapid transmission of the voluminous data
The wide use nf redundancy to achieve long satellite life
The basic spacecraft design consists of thrze majer elements:
A 57-inch diamcter toroidal-like ring to house the basic sensors
and electronics
A hexazonal upp;t package tc house the complete control system
Large ( 8 by 3 feet) solar paddles attached tu the -ontrols package
by a drive shaft and free to rotate in order to permit direct sun
viewing
Figure 1 shows a detailed schematic view of the spacecraft layout and indicates
the tocation of all the principal systems. Because of booster performance limitations,
all the systems shown and the redumidancies will not be [lown on the early flights,
It is appropriate at this poinc to discuss some of the conditions that governed
choice of this basic design, particularly those relating to the orbital and sta-

”

bilization system selection, D2tails of *he other major systems will be desc ibed

later.
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ORBITAL SELECTION AND VEHICLE STABILIZATION

Full sensor coverage cf the earth on a daily basis can be obtained by an earth-
stabilized vehicle in 2 polar orbit., Tais approach permits full vtilization of the
rotational movement or the earth to provide the primary mecnanisw for langitudinal
e is obtained by the spacecraft orbital motion In
addition, a small amount of inclination of the orbital plane to the earth's polar
axis introduces a slight rotation of the orbital plane due to the earth's oblateness.,
By choosing an inclination of 80.1 degrees to che equator for a 600-nautical-mile
orbit, the rate of regressior of tha crbital plame will be 1oaghly 1 degree per day,
equivalent to ‘that of the sun's mean rotational muvement around the earth in terms
of celestial coordinates,

The best conditions for earth viewing are obtained by chocsing an orivit-in-
jection time near midﬁight or noon; this launch time yields an orbital plane that
contains the earth-sun line, C(onsequently, the satelliite will always view the earth
at near local noon on the daylight side and near midnight on the dark side, An
error analysis for the system, based on launch-vehicle performance scatter, indicates
that errors of 1 degree in inclination angle are possible, but will cause only an
18-degree deviation from the mean sun position after a half-year.

The choice of this particular or "nigh-noon'" orbit has the additional advantage
of simplifying tbe sun~pointing requiremen. for the solar paddles., Inasmuch as the
orbital plane containsg the eartn-sun linz, only i degree of freedom js required to
provice direct sun pointing for the paddle. A sur sensor on the paddle shatt pro-
vides the sun attitude which is then used to turn the paddle shaft,

In order to acnieve the fuil benefit of this o»bit, a three-axis earth-st=s-

bilized spacecraft i{s considered both recessary and dzsirable. A Ibng-duration



XVII-6-

enrth-stabilized spacecraft system had not yet been demonstrated but was considered .

a feasidble objective in the timescale available, It will suffice here tc note that

R N i

ervor signals are generated by howizon sensors for the pitch and roll axes, For
the yaw axis, a sun sensor is used for initiai stabilization and a r:te gyro is
used tiercafter, Inezira wheels are used in cenjunction with a oneumatic gas jet
system to achieve tne l-degree accuracy in stabilization. Anguiar raves are con-
"rolled to plus or minus 0.05 degrees per serond in all three axes, a valie which
enters directly as a design parameter into the optical scanning systers, :
The combination of the near-polar orbit and the earth stabilizacion provide
an ideal set of conditions for the TV camera system. The camera system consists of

three cameras; onc faces straight down, and the othev two are cocked at 35 degrees

ce e sl s a

to the vertical in the plane normal to the veloc. .ty vector, This combination pro-

vides a three-array picture covering 1450 nautical miles {latitude) by 450 nautical
miles (longitude). The coverage is illusirated by Figure 2. Successive frames
overlap by roughly 10 percert and are spaced at tiiwo intervals of 108 seconde; 32
picture frames will provide compliete daylight crbital coverage. The next orbit,
displaced about 25 degrees in longitude westward at th:z equator, provides an adjacent
picture of the first orbit, the overlap increasing with the distanre from the equator.
Using a pular orbit «lso simplifies considcrably the problem »f ground data
aconisition, Ideaily, a single ground station near the north or south pole could
acquire the satellite data {rom every orbit, bu; the logiscic protlems tlvat would
arise at a polar station preclude thitc solution. Instead, the first station is
planned for Fairbanks, Alaska. Figure 3 illustrates the orbital paths and 'lLe range

vi acquisition for the Fairbanks site. The twe circles shown cover a radins of

1400 nautical miles and 1200 nautical miles, The circles are the intercepts of a
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conical view 5 2nd 10 degrees, respectively, above the hovizen from Falrbanks with
an orbital altiruae of 600 nautical miles, If a minimum view time of either 5 or
10 minutes is required for data -eadout, i0 of the 14 ovbits will be covered {rom
the v00-nautical-mile altitude. Compiete coverage of all orbits will reyquire either
higher orbital altitvdes or additicnal stations, or both, Current plans include a
ground station located close to the northeastern coas. of the North Awerica continent.
In addition, a higher orbit=! altitude is being considered for later flights, is
combilation could readily provide adeguate coverage for all orbits,

Figure 4, a picture of the Fairbanks CDA stac.on, shows the 835-foot tracking

antenna and the buildings housing the yround-station equipment.
LAUNCH SEQUENCE

Figure 5 illustrates the majcr events in the Thor-Agena Nimbus launch. The
space vehicle is launched at PMR at approximately midnight in crder te achieve the
desired high-noen orbit., Foliowing firsc-srage bucrnout, the Agena is separated and
enters a coast phase, First burn is then initiated and the shroud covering the pay-
1rad Js separated, First bLurn provides the impulse to place the Agena and Nimbus
iato the desired transfer ellipse; once this is achieved, prorulsion is cut cff and
the Agena B-Nimbus enters a coast phase. When the Agena-B-Nimbus reaches the orbital
altitude, second burn is initiated to achieve the desired orbital velocity and in-
clination,

The Agena wiil then be pitche! up to 10 degrzes off vertical in order to place
the spacecraft in a favorable attitude for earth acquisition and stabilization,
and to preclude Agena-spacecraft collisions after separation. The spacecraft is

thin separated by releasing the Marman ci~m» and using carefully calibrated sprinpgs
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te achieve ¢ separ-tion velocity of 2bout 5 feet per s-cond. Tne Agena is then -
pro--ammed tirough a yaw maneuver t~ avsid the possibility of a colliision with the

Bl

spacccrait.  The e«racecraft otanilizes inm roll and pitch to the desired orbital

attitude, and the sular paddies are unioldec zhortiy after the spacecraft scpata-
~ion., Once hese maneuvers are achieved, yaw control is initiarted and the space-
crafi {s ituarned to the desirec yaw 1ttitude, Complete attitude stabilization is

acieved befrre the {irs® oass over the Fairbanks sta.ion, and should be verifiad

at that point,
BaSIC SPACECRAFT

Thi- spacecrarc consists of two distinct elements, the basic spacecraft svstems
i tae semanry subsvstems. The bas:ic spacecrzit provides the services nceded by
the =ensor; suhsystems to perform their tasks: structure, stabilization. power,

telemetcy, -iwin-s, and command capabi.ity, These systems will be discussed first;

thern the sensory s,stems will be aescribed,
Structure -

Fijur: f shows the Nimbus structure scparated 1nte 1ts major elements: Tae
sensnTy ring, the centre!l box, the connecting truss, and the solar pacdiles, The
dumebesl-like mess discributicr is achieved by a 48-inch separation between the
contral svstan, welen weigns asout 130 pounds, and the sensory ring, which weighs
~ue .2 200 pounds, Forces are “ransmitted between the sensory ring and control box
U ough ihree hatvdpoints on each bedy and the connectings truss., A pridlike skirt

over pArt of tne trass extends tlhie ommar i antenra ground couve, During launch, the

twe s$0l:r paddles are kept foldad lengthwise, along the spacecraft structure,

o
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Figure s gives a view of the senssrv rcing structure, which is a 57-inch torwid
(40-1nchk inside), 13 inches tall and 8 inches deep. The ring contains eighteen
13 » & x 6-1nch cavities to house electronic »odules, The eighteen V-shaped ring
separatnars nouse irsulation and therwal controllers, Magnesium w3as cliosen as tne
basic str.cture material, because of its high :trength-to-weight ratio, ana because
of favorable stiifress and dampimy ciharacteristics,

A number of advantages accrue from this desiyn approach:

The controi sy:tem is a separate entity, toth mechanically and
thcrm-. 11y, relying only on power from the spacecraft,

The manv cowpartments in the sansory ring make it earier to udjust
the balance, thereby mainzaining the principal axis close te the
symrotry axis,

%4 large base acea is available for interference-free instaliotion of
optical sensors aud scans2rs.

The cylindrical volume within the szagory ring cffere flexibility

in paczaging bulky equipment such as cameras 2nd tape recorders,

Th2 accessiblirvy of the spacecraft center-of-gravicy poraits
gynamic cesting of the spacecraft Ly placing it on a gas lu-
bricated bearing.

Tne ~ontrol systen is 2asily aligned bzcause nnly thr ‘e poincs are
effected; alignwent of cameras within the sensory cylinder and on
the Y1se plate is alao facilitzted.

The design does not depend on rigidity offered by structural memvers
withit the sensory cylinder, and flexibility for future changes {is

thue pressrved,
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The relatively high packing densit~ s~ the ring promotes .te design
Jbjective of an appreximately isothzrmal ring.

T design promotes exezution of the ce=ting vhilosophy as uiscussed
in a later paragraph.

The conrrel svstem 2ud sensory o3 siem, ss well as the soiar paddles, are
virtualiy ctermally independent anz with the excaption ol the solar paddles are
thermostacically controlled, Radiation [{row the cpacecraft is controlled by sppli-
cation of radiation barriers, and by use of venetiar-blird-type shutters to change
the absorplivity-to-emissivity; ratios., Chutters are located on the control system
and at the cuter area of all 1t sensc~y compartments, The system has been designed
to provide a mean temperature cf 25° ¢ i10° C with much smaller fluctuation for

winy of the compartments.

Pover Supply

The sclar-conversion pover supnly is one of the major service subsystems of
tue Nimbus spacecratt. 1t consists of a solar array, used to convert the sun's
energy into electrical pover, and the electronmics equipment requived to store and
convert the power intc the form needed by the other Nimbus subsystems. The power
supply, although closely ussociated with the design ot the spacecraft structure 3nd
contrel subsystem, was designed as a sepavate unit to aliow for €lexibility and
iunterchangeability.

Some of the major system characteristics are:

Regulated bus voitage of -24,.5v, regulated within +2 perceat of

noninal voltage
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Transient response of 25 microseconds co a 4-amp changiag loac
Total system weight of 173 pouncs

The solar arruy consists of two hr neycomb pletforms and transition sections

cimped to the shatt of the spacecratt conccel system (Figure 8)., The platforms
and transition sections are designed with a high streangth-to-seight ratio, usirg

1 1-mil (.001l-:inch) sluminum honeycomb core m rial covered sith a 3-mil (.003-
inch) aluminum foil skin. The platfoim has one £lat face for mounting solar calls;
the reverse side tapers froy a l-inch thickness in the center to 1/4-inck thickness
at the tip. Total weight of‘the solar array {is 78 pounds.

Each plavfurm weasures approrvimataly 3 by 8 fe:t, giving about 45 square feet
of mounting space; this space is covered w-.th 10,500 2 x 2-cm silicon sclar cells
to gather the sun's energy and convert it into electrical power., Tha cells are
wired in parallel and series combinations te form an array with an average power
output of 400w during the sunlit portion of the erbit,

The basic building block iz a module, cousisting of ten cells conrected in
perallel with an output of about 1 amp. at ,46v, Eighty-two of these modules are
wited in s.ries to increase the voltage to abour 3. . This is called a solar roard,
and there are seven solar noards on each platform. The boards are coumnected in
parallel to yield & tutal current of about 12 amperes,

Figure 9 shows the solar module, ten cells ccnnected in parallel by means of
beryll: m-copper interconnzcting strips. A 6-mil (,006-irch) microsheet glasz cover
coated with suitabie filters is mounted on eachi cell to reduce the heating effects

of those wavelengrhs of solar radiaticr outside the response region of tle solar

cell.
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Temperature extremes of the Nimbus orbit are -80° to 60°C and constituted a .
serious design pcoblem, During thermal cycles: testing, serious solar cell de-
gradaticn was cbserved.
The solar cells inicially used for the -~ .=r supply were made by standard
industry techniques; the contacts were formed v, a nickel £ilm deposited by an
electrolysis nickel-plating process. It was ¢ .c%uded that the degradition couid
not be appreciably reduced without using solar «ly sause contarts are made by
the more reliable sintering techniques., It was tlorefcre decided to switch to solar
cells made with thc more rcliable sintered coatacts,
The solar-ceil problem was further compl. ated by the creation of the ar-ificial
radiavien beit in July 1962, because of consiuerabie degradation resulting when solar
~clls are exposed to radiation. To alleviate this problem, the more radiation-re-
sistant n-on-p solar cells had tc be used instead of the p-on-n type earlier ew-
w.loved, .
The storage and regulating assembly previously menticned consists of seven
identical battery m5du1es (Figure 1C) and an electronic control moduie. The battery
module consists of hermetically sealed iickel-cadmium storage cells, supporting
electronic protection circuitry, and an output-voltage regulator (Figure 11). Two
serious problems were encountered during vibration-testing of the module: internal
mechanical failure caused by core movement, and leakage of electrolyte through the
cerumic-to-metal seals, The core movement is restrained by use of a crimping tech-
nique, and the eiectrolyte is contained b, applying a potting compcunt over the
seal avea.
Twenty-three of these cells comnected in series form the battery, whose capacity

is 3.2 ampere-hours at a nominal output voltage of -28v, A piotective charge- curren®
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regulator is provided to limit :the maximum amount oi current supplied to the
battery.

A number of protective circuits are provided in the regulation system., “hese
include a charge-current limiter to protect the batteries from being exposed t»
currents in excess o 1,5 amps, battery-temperat.rve and pressure sensors to control
charging rates, and over-voltage protection circuicry.

Figurc 12 shows the spzcecraft power demands over a typical orbit. About 100
watts are required to supvort the basic spacecraft systems including clock, controls,
and telemetry; 40 waits are vequired for the camer systems, and an additional 150

watts are required for interrogation.
Controls

Perhaps the most sigwificant feature of the Nimbis meteorological satellite is
the prrvision of a three-axis closed-loop attitude-con ¢l subsystem for stabilizat-
ion and control. Figure 13 shows the arrangement of tl¢ main components of the
control subsystem in the Nimbus configuration, and indi:ates the arrangement of the
scanners, fliwheels, slip.ing and shaft, and gas nozzle:,

The control loops appear in simple biock diagram in Figure 14, The pitch and
roll control loops have common elementsn, and the blcck dlagram therefore represents
them as partially cnmbined. Error-seansing for the pitch and roll loops is per-
forred by two horizon scanners, One scans forward in the direction of the velocity
vector, and one scans rearward. Each horizon scammer genervtes 3 voltsge'pulse as
it scans across the interface of cold sky and warm earth, The scanner viewing cone
and the Himbus/earth space geometry for stabilized pitch--:1] axes are showm in

Figure 15,

'
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As indicated ir Figure 15, the fieid-of-view of tke horizon scanners is
approximately 3 x 10 degrees; this scanning aparture ic rotated at 16,2 cps about
an apex angle of 90 deyrees. Scanning is accomplishel by 2 rotating prism; eneryy
transmitted through the prism and associa.cu scanner optics is focused on a holometer,
The passband for the optics is 12 to 18 wicrons, with peak responsc 2t 14 microns,

corresponding to :he CO, absorption band of the earth's atmosphere., The scauuing

2
act.c™ generates a voltage pulse once per scan; this pulse. processed through the
computer, serves to establish the pitch and rell position ervor. Pitch errvor is
measured by the difference in pulse-width of the front and rear scanners, Roll error
is determined by measuring the position of the pulse with re.a ¢+ t¢ a bedy-aligned
reference; a magnetic pickup positioned in the szeuner housirg generates a refer nce
pulse which will in effect bisect the scan pul. when the rvll-position eirror is
zero, A pulse from either the front or the - scanner i& thus sufficient to
establish roll error,

Oper:2tion of the pitch and roi! loeps is similzy lu, gortion of the loop
used for prucessing the error signal, The error signal iz passed through 2 lead
network which generates rate infermation fov use in stabilization, A combination
of position and rate error signai is fed to the pneumatic and flywheel control loops.
For large error signals, the control torques are provided by firing the pneumatic
jers; for small ervor signals, fine-control torques are provided by the flywheels,
These flywheels, of which there are three (one each for pitch, roll, and yaw), are
motors whose spwed it a function of the input voltage and generated torque, Torques
which accelerate cthe flywheel alsc accelx:rate the vehicle, 1In sumrary, the pneumatic
svstem serves for ccarse control and the flywheels for fine control; the pneumatics

also serves to unload the flywheel momentum which {s used lor momentum removal when

flywheel speeds approach saturation,
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As indicated in Figure 14, the yaw loop has two mod:s of control, The rirst
is the coarse sun-sensor mode, normally used orly during initial sctabilization.
Briefly, in this mode, the vaw position error is determined by the yaw coarse sun
sensor with a 36C-degree field-oé-view in yaw and a +70-to-40-degree field-of-view
in pitch, The response-characteristic or the coarse sun sensors is such that by
means of the contrel loop it will attempt to drivz the negative roll axis to point
towacd the sun; this is the origntetion desired for yaw. As shown in the yaw-control
loop, the erros sensed by the coarse sun sensor is processed as an errer signal
through electronics, pneumatics, and flywheel similar to those used in the pitch
and roll loops.

The second mode of countror for the yaw loop is anm integrating gyroscope used
in the rate wode to sens? yaw ev:or, An error signai is generated when the gyrc's
input axis is rotated. The input axis of the gyro is aligned in the roll-yaw plane
so that is xenses the componenc of orbital pitch rate due to 2 yaw error. Although
the gyvo senses any roil rate, these rates are nearly zero after initial stabilization.
The actual alignment of the zrro input axis also results in a signal proportional
to negative yaw rate which serves to stabi’ize che closed vaw loop,

The three control locps (the pitch, roll, and yaw loops) serve to control the
attituds of the body axes of the satellite. The fourth control loop, also shown
in Figure 14, maintains the pcsition of the solar array perpendicular to the sun
for maximum interception of solar energy. When the vehicle is in a ki%§~nnon orbit,
with the earth-sun axis in the orbital plane, only one axis control is riecessary to
drive the solar array about its axis, (In case of poor orbit conditions, gro'nd
commands yaw the vehicle for optimum solar-energy collection.) Two solar-array

sun sensors, similar to the yaw coarse sun sensors, generate an error signal

prcpertional to the paddle misalignment with the sun; che amplifie” error signal
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energizes a two-phase motor, which through a gezr reduction drives the solac drive
shaft, The rotational rite for the solar array corresponds to the orbital pitch
rate, and only low shaft tpeeds ave invelved. Included iu the solar-array position
loop are provisions for driving the array while the satellite 1s in the earth's
umbra.

The develeopment of the control system, perhaps the most difficult in Nimhus, has
been plagued by a number of serious proilems which now appear to hcve been resolved,
The most serious problem was the dcvelopment of the IR sensors for :ttitude measure-
ment, The high precision required could not in fact be achieved for ali sky con-

ditions.
Clock

Present~day trac¥ing systems such as the Minitrack interferowmcters can furnish
information about the satellite'’c position in space with sufticient accuracy for
the task., A time reference for satellirve events is required to relate the events
to orbital positicn, Quartz crystals now being produced fr crystal-stabilized
oscillators will perform with an accnracy of 10'7 at frequencies about 1 wmeps in a
thermostatically controlled environment., If set at launch. 6 months later the clock
will be 1.6 seconds off; a clock reset capability is therefore included,

A 800-kc ageu nuartz crystal is a sealed glars centainer was chosen and is
heated by a coil to 60°C. A regulator maintains this temperature at very «los=z
;ange. This frequency is then dividad by a chain of multivibrations tec the series
of frequencies required for the spacecraft: &40 ke, 50 ke, 10 ke, 500 cps, 400 cps,

and 100 cps.

Both 50- and 10-kc¢ signals are amplitude-modulcted with the standard NASA time

code, The code has a frame rate of one per secoad, and uses a binary coded decimal
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system. Nine &4-bit groups are employed (for seconds, tens of seconds, minutes, tens
of minutes, hours, tens of hcurs, daye, tens of days, and hundreds of days). A 2-
miilisecond pulse is used for "'zero' and a é-millisecond pulse for '"one". Zeros

are interlaced between groups sc¢ that an average 100-pulge-per-second pulse rate
results, The cod= ie genmrated by a small computer which uses a magnetostrictive
delay line as the temporary storage element. The timing code then modulates the

two coherent carriers, 50 kc and 10 kc, The lower frequency of the two is radiated
continuously through the beacon,

The availability of a minimum computer in the clock suggested thz use of
certain logic compenents for the secure command system which naturally cannct be
described here, Two r=ceivers commected in parallel, with fail-safe isolation
cireuitry to implement redundancy, receive binary-ccded sipnals and fred the command
logic, The timing is arranged so thit approximately 30 commands can be given on
an average pass and up to 128 different commands can be transmittzd in tota'l, In

case of cloek failure, unencoded commands are available for telemetry interrogation

for purposes oi analysis.,

Telemetry

A spacecraft as complex as Nimbus musz transmit a multiplicity of engineering-

type data to permit ~valuation »f its proper functioning in space, For example,
it is necessu:ﬁ‘t& know the performance cof the horizor scanrer in- the control system,
the gvros, inertia wheels, the status of t"e power supply, and many others, These
data are required to establish the validity of the scientific measuremerts and ro
determine lmprovements for future designs.

For this purpose two systems are provided: one recc:ds information over the

entire orbit and plays back upon command, the other provides unly iunstantaneous dsta
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upon command, Both systems use pulse-code modulation because of the generally re-
coguized advantages of digital systems, A 7 bit crde and a maximum frame rate of
1 per second were cho;en. Tn the recorded telemeter, which shall be referred to
as the A" telemeter, a frame cunsists of 64 words and each word of 7 bits plus
& word sync bit, A total of 544 channels are available with farility for some
extension, Two of the channels are required for frame sync and subcommuntation
8YyNC,

4 500-pulse~per-second rate was chosen and is supplied by the master clock,
In case the clock fails, it is replaced by & tuning-fork oscillator on unencoded
ground command. A coherent 500-cps subcarrier is modulated by the coder output
and recorded on an endless lcop recorder., The 240-foot tap: passes the gingle re-
cord/playback head at 0.4 inches per secord. Upon rrmmand to play back, p.wer ir
spplied to the playback motor which drives the tape through ar appropriate drive
mechanism at 12 ips, thirty times faster than the record speed, Th. SU0-cps sub-
carrier is now converted to 15 k¢, covering a spectral bandwidth from very low-
frequency componencs up to 30 ke, ,ﬁny one uf three signals, time, ellemeter A, or
(as .0 be explained shortly) telemeter B, modulates the 300-milliwatt beacon-
transmitter to 80 percent of amplitude., Telemetry must be provided especially when
the spacecraft matfunctions, and this requirement makes it mandatory that the
gntenna design does not rely on spacecraft stabili.:xation, 1In spite of the unfavor-
able configuration (the body is in the orcazr of one wavzlength), & pattern was
achieved with only one null depeundent on the position of the sclar paddles.

Many data points are required only once per orbit and at an arbitrary time,
These duta are transmitted through the B telemever which trausmits three sync words

and 125 channels in sequence., Again a 7-bit code is used with & word-cyac bit,

R Y
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The clock race derived from the master cleck is 10 cps, sco that the entire puls-
etrain is transmitted in 104.3 ovconds, It modulates a 5000-cps eoherent carrier
in its phase 180 degrees (phase-shift-keying), which in turn is transmitted through
the beacon by 80-percent amplitude modutation,
SENSORY SYSTEMS
Television

Tne croice of television-system parameters ie irfluenced by many cocnsiderations
such as linear reso:ution, maximum tranemizsion time per pass, bandwidtn, ui orbit
chavactecictic, Careful study of the inter-reiations and trade-offs lead to the
present set of choices.,

The three cameras, as previgusly mentioned, use l-inc. vidicuns with 8300-1ine

resolution, The size of the resolution element is % wile for the zenith to approx-

imateliy 1.% miles at the corners for a 6(0-nautical-mile altitude. The three cameras

are driven bv a common timer which érovides the picture sequence. The advanced vidi~
con camera subsystem (AVCS) prototype is shown in Figure 16,

A 40-millisecond exposure time is used and the signal is scanned ty the electron
beam of the v.dicons for 6.5 secends for the entire frame, Separate ioc~1l oscillators
are frequency-modulated and recordea on separate tracks of a double-reel tape recorder,
A fovrth track records a conrinuous timing signal so that picture-exposure time can
be {" ntified., Sufficient tape is provided for recording 64 pictures (or two erbits)
which can be played “ack in 10 minutes. Fewer frames require less time, allowing
the control center to use piasses with less receiving time,

Compensation for the reduczd light level for sun angles less than $0 degrees is

accomplished by a varlsble ivis, the setting of which is derived from the colar-

paddle shaft,
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Major characteristice of the AVCS design and the meascred chavacteriscics of

the pro-otvpe AVCS svster are summarized as follows:

Characteristics of AVCS design:

Luns-focal iengtn - 17mm

. . o
Field of view - %7
o . c s -0
Ir'merrugon field of view - 107
Shutter - double bhlsded focsl plain
Shutter speed - 40 ms
Continuously variable iris £/4 o £/16

Dynamic ra: ¢ce¢ - wminimum brightress l4-foot lamtert at f/4

~ maximum 11,40C . {cot lambert at £/16

Measured charscteristics of AVCS prototyrpe:

Brigatness ratio cf 32:1 (10 gray scales)

60-kc video bandwidth

6.% se~ readout

91 ~ec hetween frames

Limit.ng resolution 723 TV lines

sinearity 0.5 percent

Storez 32 n. ures per orbit

Grounu resolution %-mile per TV l.ne

A directional antenna was chosen to cover approgimately the terrestrial view

anple y ~rnzath the satellite (122 degrees) and the lergest pussible crans-

r “ion cime,



Upon gzround-station command, the tape recoruer plavs bavk, and local oscillat rs

v

convert the four subcarvier-modulated signals to other baands, thus forming a trequency-

multiplexing spectrra, The composite signdl moculiates the trequency of & 1707-MC

- . ) -5
5-watt transmitter +1.5 Mc, :the center frequency of which is held stable to 10

-~

by using a crystal Jiscriandnator iw a feedback loop. The trans.aitcted signal wiil

g

be received and processed by the ground station at Fairbanks and transmi-ted bae

to Washingron, D. C. by mi.rowave liak in rezi time {or applicaticn tc weather

farecasting,

Automaric Picture Transnission Sv:ztem

The seconu TV camera system to be carried by Nimbus is che automacic picture
traasmission system, parhaps the most uscful me~eorniozical system providing direct
pictures to local users, The automatic picture transmission system (AFTS) is com-
posed of a satelli“e camera and transmission cubsystem, and a ground-station re-
coiving and recording subsystem, .

The sarellite camera and transmission sub:system* is a storage vidicon system
capable of long-duration stovage and a ver; =lcw readout rate, It takes wide-angle
pictures from a satellite and transmits them in real time on a very narrow in-
formation bandwidth tc the zround station for raeccrding on facsimile equipment,

The ground-station recciving and recording subsystem®* consists of an antenna,
receiver, and fac.imile equipuert which is relatively simple, inexpensive ($20,000

per station), and appropriate for wide distributien. Thus, the flight-ground system

*  Designed and fabricated by Radio Corporation of America/litro-
Electronics Division

** Designed and 7abricated by Fairchild-Stratos/Electronics Systems Division
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is well suited for application tu local weatner observatlion and furevast? g .
anplications, Ail rajor weacher statiuns can be expectzd to have these stations
ir due time,
The spacevorne svstem (Figure 17) consists of optics, including the shutter,
a l-lirch electrcstatic-storage vidicon camers; and a telemeffy—type FM transmitter
for relayin2 video signals to ground stations equipped with &7 M reva2iv:r and fac- o
simile-recording equiprant,
The camera is programmed for continuous cycles »f prepare, expose, and readout,
.
The ikcge is projected on the storage vidicon through a 108-degree lens; the exposed
picture, stored electrically in the insulatirg layer of storage vidicon target, is
then ava:lable foi very siow resdout, During readout, the transwitted narrowband
video signal is nicked up by the grouad-station antenna and ted to the receiver,
which in turn feeds it t¢ an automaticelly phased facsimile recorder,
The lens is a Tegea Kinoptic 108-degree f/1,8 lens with 2 focal length ctf 5.7 .

millimeters., Optical exposure is through a double-bladed shutter operated by two

solenoids; exposure time is 40 milliseccads.

-

{Once this subsystem is turned on, it cnerates continueusly throughout che day-

light portinu of each orbit, reading out cune picture every 208 seconds. Signals tfrom
the day-night switch turn it off each orbital "night,'" and tura it on again at the
beginning of each orbital 'day."

When the shutter is triggered, the image is projected on the photoconductive
layer, after which it is electronically "develcped"; tnat ie, it is transferred to
a polystyrene storage layer, This occurs during the first & seconds of ecvery

picture sequence., During the remaining 206G seconds, the picture information is read

out an a scanaing vate of 4 lianes per second,
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The out,ut cf the vransmitier is fed to the Nimbus APT antenna mount:d on the
surface »f the spacecraft which faces the earth at all times, The antenna produces
a linearily polarized radiation pattern, so that the satell:te-antenna ground-
antenna rel:tiva.hip Lemains constant.

On the ground, the signal is receised by a relatively simple antenna and is
processed hy the FM receiver and the facsimile recording equipment, producing a
reai-time cloudcover picture for the locale of the particular ground statiom.

‘The cequence just described assumes automatic receipt of @ picture sesquence
fror the beginning of the 208-second frame. It is more likeiv that the satellite
will come into view of the ground station at some time after the first 3 seconds;
howaver, as coon as the satellite signal is detected, the faxsimile michine can be
started and phaced manually so that the maximum amount of information may be ob-
tained. This should 1esult in at least three pictures during a pcss over the ground
station. At an oidital ajtitude of 500 nautical miles, each picture will cover a
ground area of approximately 1050 by 1050 nautical miles, with a north-south over-
lap of 300 rautical miles between adjacent pictures.

The syst?m has a linearity of 0.5 percent and a resolution of approximately
700 lines. based on the picture printed out on the facsimiie recorder, Sensitivity
is 0.7 foot-caundle-seconds for highlight brightness (vthitest white), The cuvoff
point where noise is the influencing factor is 0,03 foot-candle-secoads, The sipnal-
to-noise ratio is 26 cb, and approximately seven shades of gray are observed with

a change in density of 0.12 per scep.

Nimbus Radiometry

Two scanning radinmeters tave haen designed for Nimbus, tiae medium-resolution
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infrared radiometer (MRIR) and the high-resolution infrared r:diometer (HRIR).

The MRIYX is shown in Figure 18. The scan-mizror drive motor, the scan-mirror,
the reflection of three oi the five telescopes, the preamplifiers, and the chopper
motor ere visible; the . lectronics module is not shown.

This radiometer measucrs. ewicted infrared and reflected solar radiation in
five spectral regions, using tharmistor bolometer detectors. The spectral regions,
and the reasons for selecting them, ave listed in Table II, The spectral regions
are similar to these measured by the TIROS five-channel radiometer. The 6.6-7.0-
micron channel, covering an intense water-vapor or temperature distripucion above
the cloud tops. The 10-1il-micron region Hes within an atwospheric window and is well
suited for determining surface end cloud-top temperatures, or clouu-top heights,

The 7.5-30-micron channel will be used to determiune the total radiant emissicn of
the earth. Two visible-light channels are also included. The 0.6-0.75-micrun
region is the most transparent portion of the visible spectrwas; this red end of the
visible spect:rum is less scattered by the atmosphere than the blue portion. 71his
channel can he used to measumi.o clcudcover during daylight, and can serve as a com-
parison to the televisic.. measurements, The 0.2-4.0-micron charnel spectrally en-
cempasses about 99 percent of solar radiaticon and is intended to measure the earth’s
2lbedo (reflected sclar radiation).

Scanning is accomplished similarly in botl radiometers; they scan the surface
of the earth in strips perosend‘cular to the orbital irack. ‘the optical axis ‘=z in
the directi.n «f the sutsatellite poinr, and the scanning rateec and fields of view
are chosen so that subsequent scan paths overlap reasonably well at the su'viatedlite
point. The width o>f an individuel fcaa path, as well as the amount of overluyy. ip-

creases considerably towarc the horizom,
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The MRIR scarner consists essertially of a scanning plane airror oriented at
45 degrees to the axis of rotation, a Casseeveiniun tefercope for e..h channel, a
chopper to modulste the incominr - radigtisn, ani one detector per channel, The de-
tector ''sees’ the difference between the radiation from the target and that from
the chopper diuc, vhese: temperature must. be measured and telemetered, Four of the
channels have light pi es detween the coopper and detectors to cconverge the beam
onto the tiny bolometer. There is no light pipe for the 6.6-7.0-micron channel
which, for grecter optical gain, uses an immerced bolometer.

Both the MRTF ard HRIR willi have a calibration check in orbit, which is a
significant improvement over the TIROS system, For b:cb radiometers, the spece
scan will serve as the zero ief=rence, ad& during each scan a housing target of
kuown temperature is sceen which will serve as a second calibration point for the
infrarved channels, The temperature of this target must be telemetered. The sun
will be the target of tne second calibration point for the tws solar-radiaticn
channels, This point wiil de measured once during each orbit when the lower porrion
of the spacecraft is expcsed to direct sunlight.

The MRIR instantanenus fieid-of~view is about 2.8 degrees which, at 600 miiec,
o vesponds to & 30-mile lincar resolution directly below the vertical., It scans
at ;.9 rpm and nac ar iaformation bandwidth of 8 cps, Total power consumption is
7.2 watts and the total weight, including the slectronics module, is 11 pounds,

Figaze 13, » block diagram of the MKIK subsystem, shows that the radicu-ter
output is fed into a voltage-:ontrolled oscillator (VC0), the output of which is
pat on tape aiong with a 500-cps time-reference sign:l fiom the master clock; the
figure gives the frequency range of each of the five VCO charmels. On playback

(at a speedup vatis of 1:30) the stored information is trarsmitted via an FM
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transmitter to the ground station, where it is stored on tape., Real-time application
of the window-channel data may be possible in plotting cleoud maps with associated
cloud=-top heights, Full data processing will be performed in Washington, D. C.,
using equipment similar to that used for TIROS.

The single-channel HRIR is shown in Figure 20. This equipment will be used to
map nighttime cloudcover and cloud-top temperatuies vi heights., The cylindrical
projection shown at the right holds rhe motor waick drives both the fcan mirror and
the cenpper, The winite collars are sunshields; the scan mirror is visible between
them, At cke bottom left is the rectargular pyramid used tc cool the deteccor by
radiation, Cooling by liquid uitrogen or cryogenics is not feasible on Nimbus. The
radiomecer electroric items are located arournd this pyramid., This radiometer uses
a phovoconducvive iead selenide (Ph3e} detector operating in the 3,%-4.2-micron
region, which is considered reasonably free of atmospheric absoiption, The HRIR
has an instantaneous field-of-view of 8.6 milliradians, which ot 6C0 miles corre-
sponds to a linear resolution of 5 miles below the vertical. The field-of-view,
originelly 2.2 mwr, was changed wher tests showed that the radicmeter was not
sufficiently sensitive,

TIROS wzasurements indicate that the equivalent blackbody temperature of a
cloud can frequantly be as low as ZOOOK, and the field-of-view was opened up to
permit detection of inese coid clouds, The scenning rate of 44.7 r1pm was chosen
so that the radicmeter wculd make one complete scan during the time requived for
the raieilite to advance the width of one line on *he ground directly bulcw tho
vertical, st a 600-mile altituvde,

The total weight of :the HRIR is J1.3 pounds, and it draws approximately &4 watts

of power., The radiometer motor, which consumes about 1 watt of power, will be on
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continuously; however 6 the electronics equipment will be turned off during the
daylight hours by means of » day/night switch.

A tape recorder, slmost identical in design to the television recorder, re~
cords the signal at 3.75 inches per sccond, 4 four-track hrad, similar tc the
TV camera recorder, is used, One track receives the radiomecer sigpal; anothex
records the 10-kc timing sigral fcom the master clock. When one tape reel 1s fully
unwound, the mcviment is reversed and the zignals are switched to the remaining two
tracks, The recorder con*inues co record until the reel is ewply again and then
stopj2d by a limit switch., For transimission, the tape speed is increased eight-
fold and all tracks are alsc applied to fovr heads siwultaneously. Local oscillators
end mixers geneiate a frequency-multiplexing spectrum,

BYoth television and HRIR tape recorders carry momentum compensation motors %o
reduce spacecralt disturbances,

The composite frequency-multiplex~d sigral is adaed as nart of the compnsite
TV signal and transmitted through the sawe transmitter, Desiga princinles of FM/

FM telemetry syster have been treated exhaustively in the literature, It may -~uffice
to state heve that all channels have adequate post datection signal-co-noise ratic

so that the limitation is the decector .tself; e,g., thc vidicon or the lead selenide
transducer,

Full carth roverage of the earth's IR transmission should provide ; new &nd
fundamenctal atmospheric sarameter for detailed study and should lead to new underw
standings.

Weight considerations necessitated che rewoval of one of the radiometers from
the firet Niwmbus, The choice was made tu fly the HRIK, bLecanse it will photograph-

ically display nighttime clovd cover with comparatively high resolution, which was
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felt to be of great immediate need. Thic radiometer also contains some unique
fectures, such as a radiatvion-cocled deteccor, which it was desired to test in

orbit.

|

OPERATIONAL GROUND STATIONS

~ay -

Operational ground stations consisc basically of a receiving autenna, pre-~
amplifier, FM receiver, and facsimile 1ecording equipment, Auxiliary equipmen:
for each staticn consists of a test signal source and a facsimile test set,

The ground antenna (Figure 21) is an 8-turn helix, 14 feet long and 27 inches
in diameter, with a ground plane 72 :inches in diameter, It has a beamwidth of 34
degrees at the half-power points and a gain of 13 db,

The pedestal contains the positivn motor drives, gearing, position synchro
transmicter, and limit switches. It is capable of 720-degrfa rotation from stup to
stop in aziauth, and 180-degree rotation (horizon to horizon) from stop to stop in
elevation, Total weight including antenna counterbalances i3 approximately 850
pounds,

The posicion control and indicator units located in the ground statioa console
(Figure 22) provide indepnendent rate control of both azimuth and elevation and
continuons display of the artenn w.sition.

The preawplifier, mounted o the antenna pedestal, aud the receiver, located
in the console, are standard "off the shely" equipment, The preamp is a two~-stage
RF amplifier with a 5-Mc passband and a gain of 22 db, the latter required to com~
pensa  fr: losses in the RF cabir when the antenna and the receiver must be located

some distance apart., Maximum separation can ke 1000 feet wi:h the present cable,
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The FM receiver 1s crystale-controlled irom 130 to 140 Mc, with a second
oscillator vernicr control which allows turing weross 150 ke on either side of the
cperating frequer~y. The receiver has a selectable bandwidth of 50 or 100 ke,

The presence and coendition of the input signal can be determined bouth aurally
and visually, as the unit has a speaker anda four indicators: signal strength, tuning,
video output, and deviatiun,

The facsimile recorder, a medified versiorn of the Fairchild Camera and Instru-
ment Co, Scan-a-Fax, is a helix and writing-blade~typz machine, wusing =lactro-
sensitive (wet) paper and rorming the picture by depositing iouns on the paper. The
machine operates ar 240 rpm with a resolution of 100 lines per inch, has an aspect
retio of 1 on an 8-by 8-irch format, and will produce ten shades of gray wvarying
from black to white, The unit will start and phace autumatically :pon :eceipﬁ uvf
the 300-cps start tone and the 5 seconds of phasing pulses frow the satellite
equipment, or it can be started and phased manually,

The characteristic of direct real-time picture transmission makes this system
particularly attractive to local users for shortwrange forecasts aud aeronautical

operations, It should find wide application,
PROGRAM STATUS

Now that we have described the Ilimbus spacecraft and {ts subsystems in con
siderable detail, it is appropriate to review the status of the system developmeni
and note some of che major develcpmental problems encountered. As noted earlier,
foliowing preliminary design, development and hardware construction contracts were
entered into late in 1960 and earlv in 1961 for ali major subsyst>ms, A separate

integration and test contract was also entered into early iv 19€1, 1In the 2-}%
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years since that time, tremendous effort has been exerted to brimg the Ninbux
spacecraft into realfty, and¢, although 2 rumber of delays huve been encountered,
significant progress has been achieved., Acl: :vements to data include these sig-
nificant milestones:
Breadbnard consirnction and testirg of all subsystems
Coracruction of preprotntypes of all subsystems, for electrical
and mechanical system testing and proof
% Const "uction of prototypes of all sabsystems, and demonstration
of satislactory subsystem performance
Environmental qualification of all subsystams in a rigorous
test program which included accelervation, humidity, and vi-
bration and vacuum thermal tests
pevelopment and construction of adapter and spacecraft sepa-
ration system
Construction, testing, and integration of all ground-station
sutsystems
Construction and operational readiness of Fairbanks command and
aata-acquisition sites
Integration of the prototype spacecraft, which is now in full .
swing
Construction of initial flight hardware fcr all subsystems,
! already completed on most subsystems, with only a few sub-
systems ia final stages of construction and qualification
With these milestones accomplished, the tasks rema‘ning before the first fiight

are coafined to complation of the procotype eavironmental qualification and the

.
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assembly and qualitication of the first spacecrafr, These casks include full
spiacecraft system tests on an air bearing in a large vacuum-thermal chamber (Figurc
23) when full flight simulation will be dewonstrated for sustained ocperatiug pe-iods,
Hop2fally, these remaining rasks can tc completed befnre newt winter and the first
flight can be undertaken.

fable I1T1 suvmmiriies some of the major design ovjectives, showing wha! hasg
been possible to achieve in the actual filight hardware, In most respects, derign
obiectives in regard wo pesrformance have heen closely approximated, Spacecracl*
weight however has increased con:riderably over the original design objective of 650
pounds, and the fcll initial configuration wculd now weigh in excess of 900 prunds.
Because of launch vehicle limitations; early flights will carry a reduced space- ‘
craft config ..ation lacking the redundant sensors which are desirable for long life.
Use of the Thrust-Augaented Thor or later flights will permit a fuller payload,

The remaining design objectives were largely achieved, with two significant
exceptions: Detailed studies indicate rhat the desired l-uegree pointing accuracy
cannot be achieved under all weather conditions, because high altitude and cold
clouds may infroduce errors of as wmuch as a few degrees im the altitiude sensing.
This limitation, however, is not cons$lered serious. Also, the full desiga object-
ive for the resolution of tie HRIR could not be achieved in the initial 7 ;ototype,
and 2 corpromise to 5 miles resolution was found necessary. Later designs should
permit some improvement, however. In total, the injtial design objectives for
the sursyscem appear to have been met gquite well; the remaining task involve onlv

the successful integration and qualification of the full spacecraft,
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fore closing, I should like to descvibe the cara flow from thc Nimbus satellite.
Pigure 24 iilustrates the flow of da%z from the satellite in flight., Once per orbit
_he satellice will bs interrogzced from the (DA site and the data traasmitted to
the ground. On the ground, ’.e data will he processed and tranmsmitted Ly niicrowave
iink to the Technical Control Certer located at the Goddard Space Fligk% Ceuter.
Engineerirg and research data will b%e transmitted to God:ard for real-tiie snace-
craft evaluation and for scientific analysis, The cloud-picture data and, if
feasible, the infrared radiation data will be transaitted to the Naticnsl Weatner
Satellite Center of the U, S. Heather Bur:zu for incorporation into the daily
weather forecasts. The ccemplete coverage snd tiie regularity of service provised

by the Nimbus system should, in thc long run, corstitute ¢ real boon tu weather

forecasting,

CONCLUDING REMARKS

f

The foregoing remarks have described the Nimbus spacecraft system and its
development status. The initial development of the Nimbus system is now drawing
to an early conclusion with the first flight hopefully only months away. A large
and versatile spacecraft has been developed with some attractive initial meteor-
ological sensors, AVCS, APT, MRIR, and MRIR. Basic spacecraft systems of con-
siderable refinement have also been developed, Flight test will demonstrate the
extert of our achievements, The meteorological mission in space is clear and
attractive as one of the focal efforts in the space program.

Many of us feel that this mission will find its most gloricus fulfillment

as the Nimbus vystem evolves with new sensory developments and with improved
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y2tams, To thiec cnc, we hope we can rally a larger share of

nauti_zl caleat, We welcome your coumernts and contributions.



Comparison of Nimbus and TIROS

XVII-34-

Table 1

—

1 TIRO3 HIMBUS

Geometry Pilibox Dumibtell
Weignt {1bs) 300 650
Orbhital altitude 38¢C 600

Nautical miles
Srbital inclination
Stabilization

Earth Coverage
Camera Raster

TV resolution (miles)

Maximum power
available (wctts)

IR senscrs (resolution,
miles)

48° eyuatorial
Spin~stabilized
10 ty» 25
500 lines / frame
1
20

MRIR (30)

80° polar, x:trograde
3-axez earth oriented
140

800 lines / frawe
X

400

MRIR (30)
HRIR (5)




Table IX

Specrral Regions Me suved by MRIR

{  WAVELENGTH
(MICRONS) FURCTIOR
6.6 - 7.0 Water vapor absorption
1.0 - 11,0 furface and Cloud radiation
0.6 - 0.75 Cloud cover
7.5 ~ 30,0 Total earth emission
0.2 - 4,0 Albedo (rzflected solar radiation)

[P
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Table TII

Design (bjective

Achievaement

Weight

Stab, accuracy
Power (maximum)
AVCS {resolution)

PCM telimetry

HRIR (resoluticn)
MRIR (resolution)

Commands

650 pourds
+ 1 degree
456 watts
X mile
128 (real time)
544 (recorded)
2 miles
30 miles
128

775 pounds
+ 2 degrecs
400 watts
X mile
128 (ceal time}
544 (recorded)
5 wmiles
30 miles

128
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Figure 10 - Battery Modules



i — Baitery Mocdule, Showing the Two Major Subassernblies

Figure 1
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Figure 23 - Thermal-Vacuum Test Chamber
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PASSIVE COMMUNTCATIONS SATELLITES
by

Wiliism J, O0'Sullivan, Jr.

National Aeronauvtics and Space Aiministration

INTRODUCTION
0f the many uses that have been proposed for space, few, if ary, give

such great promise of being of commorcial iwportance aad general benefit ‘o
mankind as communicatior satellites. History and reason attesc that ait ney
scientific and engineering achievements of man that are of commercial value
must, by virtue of their commercial significance, be subject tc evaluation
from an economic viewpoin , The present status of communications satellites
in general is tnat there is now being gathcred and evaluated the scientific
and engineering information necessary for determining the most ecoaomically
feasible satellite communications system, By "system" is meant rot ouniy the

atellites, but alsec the ground transmitting and rzceiving stations that con-
uneet the earth and the satellites, as well as the liunks between the ground
transmitting and receiving staticus and the consumer or cuscomer who originates
or reccd es the communication., These are the things with which this dir_ourse
must deal in order tc accomplish its objective of acquainting you with the
current problems, findings, and most recent accomplishments. It will nu: bde
all incius. 2 in that it will ve confiped to the so-called "passive" commun-
ications sateliite, as distinct from the "active" zatellite that is discussed

in a companion paper of this conference,
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Muct of the earth-based portion of erther “active" or “‘passive"” commmnications
sctellite systems nakes use of &lready existing local ground di:tribution netwccks,
such as telephones and local radio and television stations, wlith wiich vou are al-
ready familiar., Acccrdingly, this discussion deals primarily with thet which is
new &ad less camiliar, nanely, the satcllites *hemselves and the transwivting and
rece.ving stetions that link them with earth, These new vompsnents of the entire
system oresent interesiling undé chellmginé neyw problems that demand for their best
soiulion the drawing upon knowledge from wany different scimtifiu and =ngineering
disciplines that prior to the Space Age have had iittie or nc commor ground of
mutual contact and stimulatinop, In the firm belief that the deliberste cultivation
cf interdi;?ciplinary actizity wiil lead to better solutions of the problems of com-
munications sareliiies in particular, and the most rapid advancement of science and
engineering in general, a deli“erate .ttompt is made in this discussion of the pas-
sive communications satellite to develop the several aspects of the topic froa first
principles in order tc buildv & comron ground of understanding between a number of
diftecect scientific and engineering discipiines, This, it is hoped, will provide
an introduction to the subject to many who are not now actively participating in
it, as well as aasiasting othecrs who ave working on highlr specialized aspects of
the problem and desire a betier undcrstanding of the orientation of their efforts

relative to the uvver-all probtem.

PART 1 THE PHYSICAL CHARACTERISTICS OF PASSIVe COMMUNICATIONS SATFLLITES

On August 17, 1960, the National Aervnautics and Space Adwinistration initiated
its program of research on communications satellites by placing into orbit the Echo
1 Passive Commwn:cations Research Sxztellite, Currently, it is developing a larger
and rigidizec version, now idencified as A-12, and wher placed into orbit will be

named Echo I1. These two satellites, designed by thc NASA vangley Resear-h Center,
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ate shown in figuxe 1 as they were undergoiug structural static icflation texsis
1: a balioon hangar at Weeksville, N, €, Both of them are spheres. Echo 1 {s
100 feec in diemeter and weighs _30 pounds. Echo II is i35 feet in diameter and

weighs 212 pounds.

Ir figure 2 Is shown hov such large spacesraft ave transported inte erbit,

-3
o
1)
¢
[ ]
"
®

Compactly fslded !n a sphcial manner, and snugly packed inside a container
that is mounted on the nose 5f the launching rocket, The Echo I container is spher-
ical gnd has an inside diameter of 26 inches, The Echo II coatainer, showmn ic
figure 2, is ellipscidal with g major internal diameter of 33.5 inches and aminor
internal diamster of 29.% inckes, Otuerwise, tle éontainérs are essentially similar
aad their principles of operation are idenitical, when so packed within their con-
tainers, the satelli.”8 can withstand ths heavy szcelerations and vibrations imposed
or. them By {he launching rocker. A nose cone that is jettisoned abeve the earth's
atmosphere is placed over the container to protect the conteiner and satellite <rom
acrodynamic forces and heating during the ascent through the earth's atmsphere,
Wnen the rocket has carried its payload into orbit, the container is th¥ relczeed
from th. nose of the rocket by a separaticn mechanism tbat includes some springs
that propel the container away from the rocket with a velocity of severvl feet per
secend, When the container nas resched a distance of several hundrec feet from
the 1ocket, so that there is no danger of the inflating satellite enveloping the
rocket, the container is opened. The container is corstructed of two haives that
accurately fit together, and have flanges at the joint, An explosive placed between
the flanges opens the couteinev and impacrts to the two container halves, a separation
velocity of about 50 feet per second,

In figure 3 ie shown an opening test of the Echo II contalner in a 60-foot

.

digmeter vacuum chawber at the NASA Leongley Research Ceuter, The container and
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the satellitl= are evacuated to a pressure of ie order of a few willimeters of
mercury so that upon opening of the containcr in the hard vacuum of space, the
satellite is not explosivelr invlated. The minute amount o! air remaining in
the satellite is sufficient t¢ inirziate uniclding of the satellite, 1Inside the
sateilite is placed in the form of a powder, an inflating materiai tha* will sub-
iime, that is, change diractly irom the s0lid state into the gaseous state, Tc¢
do so, the inflatios material must acquire hea*t since sublimation is an enduthermic
i reactioa, The mye¢s of the intlation material ivse.f, and the mass of the :atellite,
provide the initial supply of heat to the inflation material as heat sicred in them
by virtue of their specific heats., Thereafter, the heat is obtained from the sun-
light falliug unon the sateilite. The process is readily regulated by limiting
the amount of sublimirg naterial; for after conversion of all of the subliming
material inmto ges, the pressure is tmarcafter proportional to the absolute tem-
perature of the satzilite, which t~mperat.re iz fixed by the optical properties cf
the satellite's extericr, namely, the ratic of its absorbtivity to solar radiation
to its emissivity to thermal radistion, Among the subliming materials thet have
been used uare benzoic acid, anthraquinone, and acetsmide,
In figure 4 is shown, approximately to scale, cross sections of the waterial
of which the Echo 1, Ecto II, and tle Explorer IX are constructed. The Explorer
IX is a 12-foot diameter inflatable sphere that was placed into oroit by the NASA
Lang'ey Rescarch Center to measure . he density of the carth's upper ctmosphere,
and has proven sv successfvl that anocher is now scheduled for launchiag. All
three satelilites employ a very s-rong plastic film called Mylar which gives them
the requisits toughness to withstand folding into their containers foliowed by
pneunstic erection in oxbit, Also, plastics, technically called polymers, are

composed of very long chain molecules convaining hundreds of tlousands of atoms,
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so that their wvapor pressires are 50 very iow as tu be fat beyond veligble measure-
ment, For this reason, their rate of evaporation in “he havd vacuum ¢f space is so
slow that they will last almost indefinitely.
The Echo 1 is constructed of Mylar fi:m 0.5 mil in thickness, that is, one

half of a thousandth ¢«f an inch., The extericr surface of the satellite is coated

ede
©
-
3
(1
n
n
]

wich vapor deposited sluminum to a2t f about 2CJ0 Anp-trom units, which

ig so thin that the entire amount of aluminum on the 100-foot diameter Eclio I
cateilite is only about 4 pounds. This aluminum coating serves several purposes,
It gives the satellite a reflectivity to radio waves of more than 99 percwnt, It
protects the Mylar film from the deleterious effacts of the unattenuared solar
ultraviolet radiarion in space, It provides the proper retio of absorbtivitv to
solar radiation to emigsivity to thermal radiation for proper operation of r .
satellite's inflaticn system, And finally, it makes ihe satellite highly reflect-
ive of sunlight so that it may readily be tracked optically, This satellite has
now been in crbit three years. The fact that it has not 2vaporated actests tc the
ve%y low vapor pressure of the plastic film of wih:ich it is constructed. The fact
that it is still a fairly good reflestor of radio signals, and that iis optical
brightness has not undergone any large chaonge is proof that its thin coating of
vanpor deposiced aluminum has wot been eroded awsy by sputtering, cosmic dust, o¢
uvtuer phenomena at its orbiting altitude of about 1000 miles.

The Eclho 1 satellite was not designed to be a rigid structure, It w.s de-
signed to maintain its spherical shape by virtue of an internal gas pressure, As
the inflating gas slowly leaked out, due to porosity of the satellite's skin and
puuctures produced by micrometeoroids, it became limp; and as a reflector of radio
waves it has undergone a moderate deterioration, Becuase it is under a weightless
conaition in orbit, and is at an altitude such that it experiences almost no aelLo-

dynamic forces, the most scvere loading upon it is the very small force produced
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by solar radiation nressure. The very siight stiifuess cx it. 0,5 mil thick plastic
film is almost, but not quite, enough to maintain it spherical,

Thoe Echo II material, shown iu cross sectior in figure 4, is composed of 0,35
mil thick Mylar film to each side of which is bonded 0,18 mil thick aluminum foil,

giving a rotal thickness of about 0,7! mil. Because Young's modulus of elasticity

-

is about 500,000 for Myiar, and aoout 10,000,000 for aluminum, it is immediately
seen that the Echc II laminate is the structural equivalent of a homogeneous I-

beam whose flange width is sbout 20 times “he thickness of its web section, 1t is
therefore very stiff for its thickness and weight, 1iIn fact, it is much stiffer and
heavier than it need be, and this is only because at the time its design was frozen,
which was two years ago, thinner aluminum foil in the requisite width cf about 50
incheg could not be manufactured, Today, aiuminua foil thinner than 0.1 mil csan

be produced, In addition, piastic film equaling Mylar in tensile properties, but

of only three~-fourths the density of Mylar, has been developed. The Echo J1
material provides not only the flexicility needed fur compactly foldiag the satellite
inte its vontainer for :ranspor; inte orbit, but ai=n, gfter the satellite has been
preumatically erected to spherical shape, it provides more than the necessary stiff-
ness for the satellite to accurately retain its spherical shape after complete loss
of the inflating gas. Thus, it can last in orbit aimost indefinitely. Aluminum
foil, however, does not possess the proper ratio of absorbtivity to solar radist on
to emissivity to thcrmual radiation to provide a radiative thermal balanc: temper-
ature of the savellite when in sunlight that is conveniently usable, especially if
electronic equipment, such as a radio tracking beacon, is to be carried on the
sateliite. Accordingly, a chemical treatuwent of tbe aluminum was developed to

provide the desired optical properties at almost negligible change in weight,

This gives the Echo II material a greenish cast.
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The ccmparatively heavy weight Erplorer IX satellite materigl, also shown
in figure &, serves to illustrate the tremendous increase in sciffness, even for
a 12-foct diametzr spheres, that is required for it to withstand aerodynamics force
in cthe altitude range from 100 te 700 kjlometers.

Research in the field of polymer chemi-stry has recently resulted in the devel-
cpment cf plastic film that approximately equals the sitrengith of Myiar, but wvhies
exhibits almost nn cdetecioration in its mechanical propertiés under the influence
of lovizing radiation s.ch as found in space. This ani other research suggests
that it might be possible tov develop a plastic film which is flexible here on
earth, yet in Che uarc vacunum of spece, there will evap.rate out of it & volatile
constituent so that it becomes very stiff., If this - 1n te done, then it may hc
possible to construct very much lighter weight passive communications satellites

coatsd culy with vapor deposited aluminum like Echo I,

PART T1 THE BASIC TRANSMISSION THEGCRY OF COMMUNICATION SATELLITES

Probably the greatest barrier to the comprehension of the scientific and
e~ zineering aspects of communications satellites, irrespective of whether they
be active or passive, is undexstanding of the bagsic transmission theory that
governs them, This theory is in reality quite simple and resdily understood by
»l1 with & scientific or emgineering background., 7TL- difficulty lies in that it
is commonly knouwu only to specfalists in the subject, and is found usually in rath-
er advanced works that presuppose femiliarity with a large body of related infor-
mation, This situation tends to discourage sciencists and engineers cf other
disciplines from contributing their special skille and knowledge to the solntion
of commun’cations satellite probiems, To remedy this situat.on and provide an

opportunity for all to participate, there is first discussed the essentials of



XIX-8-

the basic Lranswission theery of communications satellites, starting from first
principles. ard emphasizing the physical significance of the several! equations
rathar than their mathematical derivation, Yet retaining technical correctness,
At the top of figure 5 is shown schematically the essentials of a radio
transmission lirk, It consists of & transmitter, a transmitcing antenna, a
rgceiving antenna; and a re.river, Let the transmitting and receiving antenovas
be separated by the diatance D If PT is the radio frequency electric power
supplied by the transmitter to the input terminals of the transmitting antenna;
and assuming no dissipation of the powcr as hLeat in the tranemitting antenna,
in the propsgation path between the transmitting and receiving antennas, or in
the receiving antennz, which assumptions are quite good in a well designed link;
then ihe power P_ received at the output terminals of the receiving anterna is

R

given by equation (i) which ic also shown in figure 5,

R 4m D2

(1)

In the zquation GT is the gain of the transmitting antenna and AR is the effect-~
ive area of the receiving antenna.

The physical meaning of equation (1) may be readily understood as follows, If
the radio frequency power PT were emitted from the transmitting antenna uniformly
in all direction:, then the power that would pass through a unit area at the dis-
tance D would be PT/AH Dz, where 411 D2 is the surface area of a sphere of radius
D whose center is at the trsnsmitting antenna, If, instead, the tranemitting
antenna focuses the power into a beam directed at the receiving antenna, the power
per unit, area at _he receiving antcnna is increased by the factor GT which is
T CT/4ﬁ b’ is the power per
unit area at the receiving antenna, This, multiplied by the effective area AR

the gain of the transmitting antenne, Therefore, P
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of the receiving antenna is the power PR avai .avle at the cutput terminalsof the

receiving antenna,

The second fundamental equation, also shown in figure 1, is

%_ = %; (2)

which relates the gain G of an antenna to its effective area A, and to the wave-
length A of the radio wave. Unfortunatel&, the derivation of this equation is
quite lengthy which precludes giving it here (an excellent derivation is given in
reference 1, page 772) but the usual manner of its derivation may be briefly stated,
and affords an insight into its physical meaning, First, there is derived the radi-
atior from an clemental length of a conductor carrying & current, rfrom whence ig
then obtained the ratio of the gain to the effective area of a dipole, and involves
the wavelength A of the radiation. This particular result for the dipole, or the
particular result for any other specific antenna, is tt.n extendzd tu the general
case of any antenna by invoking the rec_procity faw which states that the gain to
effective area ratio is a constant for all antennas at a given frequency, Thus,
equaFion (2) is quite general, and in view of the physical meaning of antenna gain
already given in comnection with equation (1), equation (2) may be thought of as
defining the effective area A of radiation of an antenna having a given gain
when emitting or receiving radiation of a given wavelength,

Substitution of equation (2) into quation (1) yields the power PR received

at the output terminals of the receiving antenna in terms of antenna effective area

A, or in terms of antenna gain G, as equation (3) shown in figure 5, which is

3
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and wherein the subscripts T and R vrefer respectively to the transmitter and
receiver ends of tho-communications link, This equation i3 sometimes callied the
fundamental communications link equation, and is the b;iiding block fvom which
the general communications satellite equation is constructed.

At the top of figure 6 is shown schematically a satellite communications link
consisting of a grecend transmitting station, a sateilite, and & ground receiving
station, For the sake of generality, the satellite shown is an active one wherein
the received signal power can undergo amplification before being retransmitted to
the ground receiving station, The ground transmitting station cousists of a traas-

mitter (x wtr.) of power P fecling a transmitting anteuna ¢f gain GT' The:

‘T
distsni. from the tivansmitting antenna to the receiving antenna of the satellite

is ) The gain »f the satellite's receiving antenna is SS R The recsiver and
°

1
traismitter (x mtr,) may increase the power of the signal passing through the

sat.ellite in the ratio G which is the gain of tha satellite, The sain of the

s’

satellite's transmitting gutenns is GS T The distance from the tiransmitting
3
antenna of the satellifte to the receiving antenna of the ground receiving station

is D,. The gair ¢f rhe ground receiving station's antenna is G, Thz power

2 Ny
delivered to the ground receiving station's receiver is PR.

By successive application of the fundamental communications link eguation (I),
which is repeated in figure # for conveuience;‘the general comuunications satellite
equation (4), shewn in flgure 6, is immediately obtained, Applying equation (3) to
obtain the power at the output terminals of the satellite's receiving antenna gives
the quantity contaisned within the large patrentheses in equation (4), Multiplying

this power by t#a paein G, of the satellite's receiver and transmitter gives the

? 5
power delivered :o the input terminals of the satellite's tr nsaitting anten. .

as the quantity contained within the brackets in equation (4). Again applying

%

A R

u n
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equation (3) to obtain the power PR al the output terminals of the ground re-

ceiving station ther vields equation (4) in its complefe form as the general

comnunications satellite equation,

. 4
Pp Gy G5 g Cg G5 q G * ‘
P, = (4)
R 4 2 2
@ ?p?
1 p

that is applicable to all cemmunications satellites irrespective of whether they
be active or passive,

Although the application of the general commup.cations satellite equation {(4)
to active satellites is evident from it: derivation, its applicstion to passive
satellites requires a clear recognition and understerding of their essentiai differ~

w
ences from active satellites, To clearly identify and illnstrat. these essential
differences, the general equation (4) will now be reduced to .ne special form “hat
applies to a passive spherical communi zatiors satellite like Eeho,

This is illustrated in figire 7, where fo: convenience the general equation (4)
is repeated. In applying *he general equation to passive satellites, three quanti-
ties must be examined: the gain GS,R of the passive srtellite ag a receivivg
antenna, the gain Gs within the satellite, and the gain GS,T of the satellite
as a transmitting antenna,

As a raceiving antevna. a passive satellite in general possesdws a gain GS,R
that is relaced to 1ts effective ar.a A by equation (2) already diqcussed and
again shown in figure 7. ¥ot a sphere that is large relative to ihe wavelength A
ite effective ares A is simpiy its frontal area, since this 1s the area that
intercepts the oncoming waves, so that A= 1 d2/4, where d 1is the diameter of

the sphere. The spheres gain as a receiving antenna relative to an isctropic radi-

ator is then by equation (2)



2 2

il "
s,p 77 (3-2;

The very essence € the definition of a passive communications catellite is
that by virtue of it havirg no power within 1tself it cannot amplify a signal.
Therefore, if it reflects the signal with neither amplification nor atuienuaticsn,

<

ithe gain within the satellite ig unity, co that

i
i

(5-b}

@

It is to be noted that if the surface of a passive satellite like Echo does not
possess a reflectivity to radio waves of unity, then 1t will ationuatse the signal
80 that GS will be less than unity. The physical significance of Gb in a passive
satellite like Echo {s that it is the reflectivity of the satellite's surface to
radio waves, Refiectivities ir excess of 99 percent are readily attained with
metal surfacesz only a few thousand angstrom units in thickness,

The gain GS,T of the passive spherical satellite as 2 transmitting antenna
relative to an isotropic antenna i: unity, becauce a sphere whose diameter d 1is
large compared to the wavelength A reflects the signal incident upon it equally

in all directicns, and thus behaves iike an isotropic radiator., Consequently, for

*he sphere
C = 1 {5-¢c)

Substitutin, equations (5-8), (5-b), and (5-c) into the general communications
satellite equation (4) gives the passive spherical communicaticne satellite equation

as

VEGEL nERERr it

R

’
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shown at the bottom of figure 7.

The derivation first of a general equation applicable to both passive and
active communications sateilites of all tyses, and then the derivaticn therefrom
of the spheri:al passive commcunications satell.te equation is unconventiounal ind
has been done to clearly bring out the essantial differences b:tween passive and
active sateilites, For the assistance of those accustomed to radar practice
there is given in the appendix to this paper a direct derivaticn c¢f the paszsive
spherical communications rateilite cquation along conventional iines,

Ore further step is raquired to bring the equetions to theit final usable
form. The ability to ummistszkably read a radio message sent in code against a
background of noise which is commonly called static, or vo clearly understand «
voice communicaiion agaiust 2 backgrcurnd of noise, or to obtain a sufficiently
clear television picture against a ba~kground of inter{ering nuise, is dependent
uopon the signal-to-noisc ratio, 5/N, which is tihe ratio of *he power uf ire signal
~“at constitutes tbe intelligence to the power of the ‘nterfering noise. It is
nrnecessary to here give a derivation of the equation expressing noise as power,
since this ts available in many textbooks on ralio communications, However, the
generd! conzepts involved are here briefly given for the benefit of those not
familiar with them,

Noise power may be thought of as generated by virtue of mclecvlar agitation
resultirg from temperature, and hence is a runctioun of zbsolute remperature, and
increases in intensity the higher the temperature, Temperature may be thought as

generating noise of all trequencies, aad thus prodicing o spectrum that is g
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continuum, analogou: to the continuum spectrvm emitted by & hot solid. Hence, the
amovat of noise power contained within any given range of frequencies, called the
bindwidth, is proporiional to thc bandwidth B, to the tempcrature T, and to a
corstant of proportionality k kuown as Boltzman®s constant, and equal to

1.38 x 1072 wate second/degrees Felvia. Consequently, {f VP,

R
signal power, the ecuation for the signal-co-noise ratio S/ 1s

represents the

Y

"KTE m

%jwn

vhich is shown {a figure 8.

Substituting the S/N ratio zquation (7) into the previous equations (4) and
(6) gives equat.ons (8) and {9) which are respectively the final gen:rcl commu-
nications satellite equatior applicabls algo to active satellites, and the final

passive spherical c.mmunications satellite equation.

, 4
s\ Py Gy g g Gg 65 ¢ G 2
256 7 D% D,
{General and activa)
2
o P, G, d? g X
(i) rrs=- IR (9
256v\2b1 p2 - -

{Passive sphere)

Equationa {(3) and (9) are in reality simplified equations in that they con-
tain only the main variables tn the exclusion of several factors of secondary

significance that the communications specialist would include in accurate design

zalculations, For example, sttenuation of the signal in passirg through the earth's

atmosphere has beeu ignored on the grounds that practical iﬁﬁnres: exists only in
frequencies witkin the so called 'transmission window" of the atmosphere, whiin

extends from about 1,000 te 10,000 Mc/s, and in which the atmospheri. attenuation
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ie of secondary signifi:ance. 1in the general or active satellite equation (8),

it is ascumed that 2o degradation in the signal, such as bandwidth B or signal-
to-noise ratio S/N, is guffered in passing through the s-tive satellite; that is,

high quality electronics is assumed {n the satellite so that any degradation is of
secondary significarce. No such degradaticn occurs in a passive satellite since

it i3 simply a reflector. Thus, equatiouns (8, and {®) are tc be rerognized as

simplifi>sd equations which ignore several factors that can be considered secondary

in wzll designed systems, and are thus satisfactory equaticns for the purpose at .

hand,

PART 11X COMPARISON OP THE CHARACTERISTICS AND ECONOMICS OF PASSIVE AND
ACTIVE COMMUNRICATIONS SATFLLITE SYSTEMS
The active and passive communications satellite equations (&) and (9) provide
the foundation upon which may be made a comparison of the characteristics and the

economics of passive and active communications satellite systems.

A

The esseatial physical differences between the two type of satellites can be
brought out by iwmagiring en active and a passive satellite communications link of
identical length, identical capacity, and carrying identical kinds of signals of
equal que. ity. Under these assumptions, many quantitiss in <q. Lions (8) and (9)
become the same and can be tramsferred to one side &f the -ynrtions, and the
equations then equited, whereupor there is obtained equation (10), shown !n figure

9.

R . 2 .
) = (P G &% Gp) (10}

S
m active passive

inspection cf equation (10) shows that €or sany given waviiength of transmission,

if other things are equal, the power gair GS achievable in the active satellite is

2 te-and L

e
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caired agaiunst the diameter d of the passiv+ zherical satellite. 3jiuce large
power gains are achievable in active satellic~s which permic. the use of low
power of the transmitter, and iov gair of tr.asm:tting &nd receiving antennas;

it follows that the competing picsive spherica! satelli.« system is characterized
by high power of ~e transmitler, large transmitling and receiving antemnas of
high gain, and large-diasmeler satellites. Although equation (10) discleses the
relative physical characteristics of the active aad passive systems, it does not
disclose their relative costs and reliability, which are the economic grocunds upon
which they must compete in any commercial application,

As scon a8 one begins to compare the active and passive communications satellite
systems on economic grounds, one immediately encounters quantities that are unlike
the physical quantities tbu§~far discussed in that these unew cost quantities cha ge
with time, For example, the éest of a satellite launching vehicle per pound cf
satellite placed into orbit is currently decreasing very rapidly from year to year
as larger paylioad-carrying vehicles are being developed, and as vehicle reliability
is being substantially increased. With vehicles currently under development it will
soon be possible to launch into orbit much larger and heavier passive communications
satellites, and also to carry syveral of them into orbit by the same launching ve-
hicle, thus effecting substaatial reduction in launching costs. As ancther example |
the rapid development of large size steerable transmitting and receiving antennas,
transnitters operating ia the hundreds of kilowatts power range, and ssasitive re-
‘ceivers having very low noise remperatures, are likewise passive communicaticns
satellitc system compcnents whose costs are decreasing each year. It i{s -haracter-
istic of these developments that they benefit the passive satellite communicatioas
system rather than the active satellite system that does not employ them. Thus,
any economic compariscn of active and passive communications satellite systems that
does not project these vost changes t5 that time in the future when a svstem would

be placed into operation is wisleading,
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From another viewpeint, an economic compazison of nassive and active commer-
cial commu.icitions satellite systems must consider frcm wience their earnings are
to come; {or out of these earnings must Le paid the initizl cost of the system, the
cost of operation including maigécnance and repair, and finally the rzofits ewmrned
upon the capital invested., At present there is much disagruement upon the kiud of
traffic a commrrcial satellite communications .ystem should carry in oxder to be
most profitable. To a first crude approximation, one television channel is the
equivalent of 600 voice channels, or 30,000 teletype channels. Can the revenue
earited by one television channel equal that ot 609 voice channels, cr 30,000 tele-
type channels? Many pzople think it cammot on the following grounds. Commercial
communications are needed to connect renterr of porulation, Most prople live in
the temperature zones. Across cthe land masses in these areas, such as North
America and Europe, there are already established wicrowave relay metworks that
can carry television :> well as voice or teletype. Tnerefore, satellites are need-
ed primarily to bridge oceans, such as between Europe and Americu, since submarine
cables cannot provide the bandwidth needed by tele.ision, The maximum television
audience is availzble at about 8 p.m, When it is 8 p.m. 2n the eastern part of the
United States, it is 1 a,m, in western Eurore; and when it is 3 p.m, in western
Europ. it is 3 p.m. in eastern Uaited States, Thus, for showing events as they
Rappen, trans-At]lantic television tends to be guod only in one direction, and for
but a few hours. Airplines are now crcssing the Atlantic in about 7 hours, and the
coming supersonic transpcrt will halve this time, Thus, current events can be re-
corded on film or magnetic tape, and flown across the Atlantic for television show-
ing at the time of first maximum audience availabi.ity, For this reason many think
that television communications satellitesz wzv'ld not be as profitable as voice
communications satellites, Just as telephone communications is preferred to tele-

type in the conduction of business, since by relephone one can ask questions and
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receive answers immediaztelv, so also it is argued that voice communications
satellites can show a profit better than teletype satellites, Perhaps the best
satellite from the revenue earning viewpoint i: one that is primarily intended
for voice communicatious; is usable for teletype when the voice communi:ations
load is low, and has the capabiliiy cf transmitting television in slower téan
real time for recording and shewing in real time a few mioutes later or at the
time of maximum audience availability.

Having arrived¢ at a general idea of the kind of comparcial satellite comaun-
icetinns service most likely to succead from an econouic viewpoint, the question
now i8: can such service be provided by 2 passive communications satellite system,

and if so, what would the system be 1ixe? To answer this question, the commercially

‘most impe ant link, namely, that between North America and Europe is examined. The

characteristics and performance will be calculated ueing the passive sphérical com-
munications satellite equaticn (9), which is repeated in figure 10 for convenience,
aad solvad for the parameter of interest involvirg the bandw idth B8, the satellite
diameter d, and the transmitter power PT'
The assumption in now made that the transmitting and receiving antennas ara
identical for ecoromy, so that their gaius GT and GR are equal. Antenna gain
G 15, by the orevicusly discussed equation (2), a function of wavelength X
and antenna effective area A. The effective area A can be expressed as a fraction
¢ of the geometric frontal area a of an antenna; and assuming the use of the
familiar paraboloidal dish anteuna, the effective area A is then ziven by equation
(13) as

cnwld
A= B W mcomm—— 13
c n (13)



$1X-19-

where . is the diameter of the paraboloidal antenna, Substituting equation (13)

jnto equetion (9) then yields equaticn (14) of firure 10 as

(&}

= : (14)

d
2 _ 2 S 2
= 'y

256kD1 D2 T(N)

Inspection of equation (14) shows that, other things equal, bandwidth B in-
creases "he ghorter the wavelenjta -, Since comwunications capacity increases with
bandwidth, the shortest possible wavelength is desired, RBut this smst be tempered
by the considcration that the wavelength must lie within that portion of the radio
spectrum in which noise coming to the receiver from space, called galactic noise,
and that coming frem the earth's atmosphere; due primarily to oxygen and water vepor,
is a minimum, This low noise ralio window éx:?nds from roughly a frequency of <00
to lc,iﬁi_megacycles per secona, provided the restriction is ireposed that the re-
ceivirg anvenna 18 never lcwered to aa elevation angle of 1;53 than 5° above the
horizon, Below 5° elevation anyle the mass of atmosphere through which the receiviug
ant-ona looks increases so rapidly that the atmospheric noise also increases very
rapidly, The transmissicn frequ-ncy is therefore selected as 5,000 megacycles per
second, corresponding to a wavelength of 5 centimeters or 0,05 meter, with the
additional constraint of 5° minumm antenna elevation angle,

The gains GT and G, of the paraboloidal transmitting and vecelving anteancs

R
are most conveniently determined by considering the efficiency factcr ¢ relating
the antenna effective area A to its geomeiric frontal area a, Using the rost

modern construction techniques, values of ¢ of 0,5 are considered achiavrakie, ara
0.6 only hopefully so0, Steeradle paraboloidal artennas have been developed iu dis-

crete diameters: the 60-foocr-diameter size being commonplace, the 35 foot-diameter

size rapidly becoming the commonplace size, end the larger sizes lizing not so common,

et
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Anteuna cost increases rapidly with diameter, Therefore, for maximum ecorom; the
most common size is selected, uamely, one of 60-foot-diaceter, whose gajin, btased
upon a value of ¢ of 0.5, is found tc be 58,2 decibels, or 660,000,

The sele.tion of the waveiength » and the minimun antenna elevation angle
has bearing on the noise temperature T. The temperature corresponding to the gal-
actic and atmospheric roise at the selected wavelength and mininus elevation angle
is approxirately 30° Kelvin for stardard atmospheric conditions. A receiver haviig
this low a noise tewperature would Le very erpensive, probably employing a maser,
Under unfavorable atmospheric conditions the atmoaspheric noise temperature in-
creases, The noise temperature of the entire cystem is essentially dictated Yty
vwhether the atwcsphere or the receiver has the higher roise temperature. The
approximate optimum condition is therefore for *ne atmospheric and receiver noise
temperatures to be equal, Bu: since the atr rhere varies, and in order to keep
the receiver cost low, the noise temperatur T is selected as being 160° Kelvin,
corresponding to a very good, but nol ext.cmely xpomsive veceiver,

The distance Dl fron the transmitting antenna to &9 salelisz’e, and the
distance D2 from the satellite to the receiving anteana, are next cunsidered.

The restriction that the minimum antenna elevation angle ie 59 above the horizon,
restricts each antenna to "'seeing' only within a conical volume of space whose‘apex
is at the antenna, whose total apex aagle is 1700, and the axis of which cone coin-
cides with the local vertical, Transmission from the tramsizitter to the receiver
by way of the satellite can only cccur when the satellitc is within that volume of
space that is com.un to hoth Lhe traﬁsmitting and the receiving wntewma s conical
seeing volumes of space. For a satcllite orbiting at a given altitude &bove the
earth, the satellite is wutually visible o the transmitting and receiving antennas

when it lies within thc boundaries of a spharical surface that is "almond” shaped,
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This can readily be seen by drawing on a sphere two circles that overlap, the
resulting almond shaped common area of the circles being the area of mutual
vigibility of the satellif 2 to the transmitting and recejving antennas., The
distances D1 and 92 are each maximum when the satellite is at onc¢ or the other
of the two corners of tne almond-shaped mutual visibility area, so that this

is the design conditivn sm Dl and DZ' The maximum value of D1 and D2 is a
functicn only of satellite altitude, and not of the dlstance between the trans-~
mitting and receiving antennas, provided the transmitting and receiving antennas
are not so far apart that there is no area of mutual visibility, The higher

the altitude of the satellite, the greater the area of mutual visihility and

the fewer satellites required 7o maintain continucus communicatione; but alsc
the larger and more costly the ground traasmitting and receiving statious. a2
optimum satellite altitude is sbout 1,000 nautical miles, for which the mazimum
value of DL and D2 for 5° antenna elevation angle is 2,523 naatical miles, It
is to be observed that the area of mutual visibility decreases to zero when the
distance between the transmitting and recziving snternas is esqual tc the sum of
D1 aad DZ’ or 5,046 naustical miles, The shortest distance from North America to
Europe is from St, Johns, Newfoundlaad to northeastern Ireland, a distance of
1,658 nzutical miles, From Glace Bay, Nova Scotia, to Ireland is 1,920 naatical
miles, and from the easternmost part of Maine to Ireland is 2,238 nautical wiles,
Thus, for any of these distances beiween the transmitting and receiving antennas,
the area of mutual visibility of the satellice will be quite large, as can be
seen from the fact that even for the longest link of Maine to Ireland, if the
satellite were going in the direction from Maine toward Ireland, comrunicationg

could begin before the satellite had reached the Maine station by 285 nautical

miles,

LN -
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There ig :. 7 kit one remaining quantity to be deciced upon, namaly, th~
signal-to-nnise ratio S/N, This may be thrught of as dictating the ability
to discern the signal against the background of noise, and hence the quality
cof the reception, It is the &/N ratic at the outputl termirals of the re-
ceiver that counts, ratber than that in equations {9) or (14) which is at the
cutput terminals of the receiving antenre, It has already been assumed that a
very good quality, but not excessively expensive, receiver ic employed; and
consistent with this it is now assumed that the recciver does not subgtantially
change the 8/N ratio, so that it may be taken as applyiag at the antenna
verminals. The S/§ ratio needed for satisfactory reception nust, be by its
very nature, based upon & large amount of experimentai data, Drawing upon these
data, the S/N ratio selected is 20 decibels, or 100, This value may be con-
sidered slightly high by sowe, and may therefore be considered slightly con-
servative,

In figure 11 is shown the performance of the assumed North America to
Europe passive spherical satellite communications link in terms of bandwidth,
transmitter power, and satellite diameter, Bandwidth is the measure of com-
munications capacity of the lirk, Ordinary commercicl television, as presently
practiced in the U.ited 3tates, uses a bandwidth of 5 to 6 Mc/<ec for one channel,
This accustomed standard came into being a good mawny years agc, Because of the
crowded conaitions, and the resalting competition for space, in the radio
apectrum, research is in progress on how tu cqueeze television as well as othcs
trausmissions into & narrower bandwidth, Some researchers claim to have ac-
complished satiafactory television transmisslon in a bandwidth of about 3 Mc/sec.

Thus, exactly how much vandwidth is required for a satisfact :y television chamnel



XI%~23~

is a subject of considerable debate, whir' apparently will only be gnswered

by much more experimental research., At p.  sent, for the trans-Atlantic satei-
lite communications 1'nk, which is not constrained by establighed practice or
investment in existing equipmert, a satisfactory television channel can orly

be defined #s requiring between 3 and 6 Mc/sec bandwidth, If € Mc/rec band-
width is needed, figure 11 shows that this wovlu regquire a spherical passive
satellite of 150 feer diameter and a 450 Kw transmitter, or a 200 foot diameter
satellite and a 250 Kw transmitter, In regard to satellite size, the WASA had
already designed and tested in space in a sub-orbital flight, o i35 foot diameter
satellite, so that one of 15C feet diameter may be considered as almost a
straight forward engineeriug task, but one of 200 feet diameter would require
both recearch and development, but there exists no known fundamental barriers
to its acccmplishment, In tegard to transmitter power, single beam klystron
tubes opercting at 6060 Mc/sec are available up to 35 Kw, and could conven-
iently be operated in parallel up to about 8 tubes, giviug about 280 Kw, Tube
maaufacturee claim that tube power cau be doubled in a year, giving over 500 Kw
if needed, sud wore than tripled in several years, It is therefore concluded
that Q & Mc/sec andwidth television channel betweea Worth America and Furope
can be made fomsible with a passive spherical communications satellite with a
year or twe of reseavch and developmant on th: satellite, the transmitting
tubes, or both, If, however, nﬁly 3 Mc/sec bundwidth is required for the
television channel, figure 11 shows that this can be sccomplished now zince,

at the presenily available 280 Kw traasmitter power, a satclliite of 135 feet
diameter is required which has already been deveioped, It ie concluded, there-
fore, that a North America to Europe television channel using spherical passive

communications satelliite aad glving 3 Mc/scc bandwidth s possible today, and
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one of 5 Mc/sec bandwidth can be provided in several years - ith re:earch and
development >f the satellite, the transmitter power, or beth, If half speed
televieion tranemission for later showi~e at full speed is the wost profitable
commercially, this is feasible today,

The capacity ci the passive satellite communications link for voice and
for teletype transmission can most easily be evaliuated by scaling fiom ils
television capacity using bandwidth, Ordinary multiple boice channel trans-
mission requires, for good quality, a bandwidth of about 5000 cycles per second
per boice channel, Theryefore, in the 3 Me/sec bandwidth attainable tcday, there
can be carried about 600 voice channels, or in tue achievable 6 Mc/sec bandwidth
about 1200 voice channels, Ordinary mulci-channel iLeletype communications re-
quires 8 bandwidth on only about 100 cycles per second, so that roughly . 000
teletype channels could be accommodated in the 3 Mc/sec bandwidth attainable
today, or roughly 60,000 in the 6 Mc/scc bandwidil: that is achievable,

The capability of such a passive communications system for growth to meet
future needs is a very important ecconomic counsiderstion, The passive satellite
being simply a reflector tike a mivror, can work at any frequency, and with any
kind of ~odulati.n, ‘inerefore, add:tional ground transmitting and receiving
stations can be added to increuse the capacity of the trans-Atlantic :ink with-
out adding more satellites, The inheiently long life and reliability of the
passive sarellite in orbit, as demonstrate' by the Eche 1, and the fac- that all
of the active electronics of the system that require naintenance and repair are
located on the ground where they are veadily accessible, are very irportant

economic advantzges of the pagsive satellite as compared to the active satellite,
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BART 1V ADVANCLU PASSIVE COMMURICATIONS SATELLILIE CONCEFYS

Numerous ideas have Leen propezed as te how co improve the passive commuv-
ications satellite, Oaly two of the most promising will be discugsed as indicetion
of future devalopments and improvements over Lhe spherical version of tne passive
sacellite thus far considered,

A spherics] satellite whose diawneter is large compared to the wavelength,
will reflect incident paraliel radio waves with equal intensity in all dirvecticns
as seen iu the far field, That is, at a distance from the satellite that is
large compared to the dismeter of the satellite, Fhe reflected radio waves appears
to emanate frcan a point at the center of the satellite, In all cases of practical
interest, the diameter to wavelength ratio is very lavge so that -he phensmenon
of roflection of the radio wave from the surrace of the satellite cheys the law
of optics that the angle of incidence equals the angle ¢f refleccion, Therefore,
one may use optical ray tracking methods to determine from what point on the
satellite was reflested the ray that came from the transmittzr and arrived at
the receiver, When this is dore, it is found that ouly the bottom pé¥t of the
spherical satellite reflects radio waves back to the receiver, If it is re-
quired that the transmitter and the receiver be locatable &t any nlace on the
surface of the carth inat can be seen at a given instant of tiwe from the satel-
lite, then it can be shown that the only pertion of tle satellite's surface that
can reflect the radio wave back to earth is a segment of the zphere loecated on
the bottom and whose aangular diameter ig a fun>tiocn caly of satellite altitude,
¥or exsmple, at 100U nautical miJes altitude, the aaghlar diameter of the segment
is about 7§ degrees, and represen*ts about 11 percent of the sphere's surface,

The remainder of the sphere can be removed and its weight used 1ur other purposes,
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1f this segmen® sateilite is to be prematically erected, part ot the weight
saved will have to be spent to close the top side of the segment ani part for

a toropidal rim around the edge of the segment to make it structurally stable,
Finally, since such a segment satellite would have to be kept facing tcwards
the eerth, part of the saved weight would have to Le spent for a stabiliusing
system, orcbably a pravity gradient stabiiizstion syrtem, Hopefully, some saved
weight «ill be left over which couid then be used to make the sagment satellite
bigger, thus getting the equivalent of a larger sphere for the sam= szatellite
weight, and, kence, a stronger return signal to the receiving station, One
coucept of such a gravity gradiear stabilized segment passive conmuricgrions
satellite is shown in fignre 12, A study of such commnications sateilites is
nowv progressing,

Alnost eve;y study of passive and active comiunications satellites has
assured thut they will be randomly distributed around their orbits ruther than
equally spaced., Even if the satellites are initially spaced in their orbits
wit the maximum precision attainable; the minute errors of altitude, velocity,
and direction, togcther with minute perturbations of their orbite, frowm such
' thines ac anomalr<cg 1n the earth's gravitational field, and lunar and solar
attrac.icas, will in time cause them to become randomly spaced. Loss of spac-
ing to the point where interruptions of communications, called cutages, wiil
occur because of lack of & satellite within ihe ares of mutual visibility of
a transimittirg and receiving station of a iink will develop in a scrprisingly

sto . *i. tnat is but a small fraction of the system lifetime of 5 to 10 years

3" L +«8 required for the system to be economically feasible, Because the

2 density of a passiv - satellite is exceedingly low as comparsd to an active
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communicetions satellite, the passive sstellite can experience comparatively
large orbital perturbetions caused by solar radiaticn pressure, The advocates
cf acrzive communicat.ous satellites have frequently pointed out this charscter-
istic of the pasgssive commurications satellite, and at .the same time shown that
the active satellite is comparatively free of tnis perturbation because its
frontal area per unit cf .aass is so small that the very weal: solar radiation
pressum~ c¢an have very lictle effect upor it., It appears that tlis reasoning
has caused the other perturbing forces that act both upon the paseive and the
active satellite to b2 forgotten,

There nave been aumerous proposale that the passive satellite be made of
a wire mesh so as to reduce the force of solar radiation preesure upon it. These
propnsals all show that if the size of tine holes in the wire mesh are properly
proportioned compared to thf-wavelength of the transmission, very little loss of
radio reflectivity is experienced at wevelengths iowm to the design wavelength,
For scih a wire mesh satellite to be pneumatically erectatle in space, it must
be made gas tight by being covered with a plastic f'lm which has two effectas,
First, it increases the weight of the sateliite sc¢ that any reduction in weight
resulting from the holes ia the wire mesh ie largel- c.nsumed, Second, the
plastic f£ilm is not perfectly transparent to all wavelengths of solar radiation
and will usually become less transparent under the influence of the electro-
magnetic and corpuscular radiation encountered in spsce, so that some of the
reduction cof the force of solar radiation pressure upen the satellite is lost,
To preven: this loss, it is proposed to employ a special plastic film, called
a pchiotolizable film, that under the influence of the radiation encountered in

space, usually the ultraviclet radiation, will Jisintegrate and evaporate,
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leaving vnly che wire mesh, Sti!l another proposal for erecting the wire mesh
sateilite in space is to spin it so as to generate a centrifugai: force, which
tends co flatten the satellite out intg a dish, which tten requires the in-
stallation of an erectable strut inside the satellite at ~he axis of rotation
* to push the poles ¢f the spinning satellite out, Still another, and most ingenious,
proposal is *o construct the mesh of plastic fibers coated with vapor deposited
metal to make them radio refiective, The special plastic fibers would possess
the so-cslled "wemory effect,” so that mechanical vnergy can be stcred in them
and released by the application of heat., The folded satellite, upon arrival

in orbit, would be heated by sunlight, releasing the mechanica'® cnergy in the

e g

lfibers that would cause them to return to their unfolded sheoe, thus ere .<ing
the satellite. This propoagl has the advantages ;f eliminating both the photo-
lizable firm as weil as the subliming material that generates the erecting gas,
and thus saves much weight. Resear:h is in progreas upon it,
But alil Of ihese mesh passive satellite proposals have one defect in common,

They seek only to diminish, rather than to completely negate, the perturbation
arising from solar radiation pressure, A rcceat proposal appears to not only

! offer the avility to completely negate the solar radiation pressure perturbation
but also to cancel all the other aforementioned perturbations as well as ac-

¢ complishing a rumber of other very beneficial effecis. It works as follows,

In figure 13 is shown o spherical passive communications satellite orbiting

around the earth in an elliptic crbit, The figure is drawn in the plare of the

wrbit, upon which imagiuary rlane fallz the shadow c¢f the earth. Since the

earta is round, ’t casts a cylindrical shadow, assuming for simplicity tha? the
sunlight is parallel, The oblique intersection of the cylindrical earth shadow

wich the imaginary plane of the orbit casts on the orbit plane the elliptic
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shadow shown, As the satellite recedes from its pcint cf zlosest approsch to
the sun to tche point where it enters the earth's shadow, the work done upon the
satellite by the sclar force F is F dl’ where d1 1s the distance of recessiosn,
As ine satellite approaches the sun from its point ofﬂ:mergence from the earth's
shadow te its point of clesest approach to the sun, the work that the satellite

does in moving against the solar force F is ~Fd2, where d, is the distance of

2

approach, For the case illustrated in figure 13, the net ensTgy change experi-
enced by the satellite in the course of one ovbit abour the earth is negative

because d, is greater than d If the satellite is in circular orbit, d, and

2 1° 1

d., are equal, su that the net energy change per orbit is zero.

2

It is desirable tc keep communications satellites in circular orbits so that

their altitude remains coastant, for as has already been yeen by equation (4},

2
2 3

which preduct in turn varies approximately as the fourth power of the altitude,

the power of the signal at the receiver varies. inversely as the product DIZ D

1£ the passive commmunications satellite is in circular orbit, iow then can un
energy change in it be acccmplished by use of solar radiation pressure tc over-
come orbit perturbation?

From the thcory of radiation pressure, it is recalled that the pressure is
progcrtional to the amount of electromagnetic energy per unit of volume, that is,
the energy densify, adjacent to the surface upon which the radiaticn exerts its
presgure, Therefore, the radiation pressure upon a perfect mirror that reflects
back the radiaticn, thereby doubling the energy density, is exactly twice the
pressure upon an ideal black surface that absorbs all of the incident radiatiomn,
This yrovides a method of changing the force of solar radiation pressure vpon a
satellite so that an energy change of the satellite can be gotton in a circular

orbit. Lec one side of the satellite be made a wirvor, and the sther side be
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made a black absorbing surface, If theg mirror sice is turned toward the sun
as the satellite recedes from the sun, and the black sice turned tcvard the
svn as the satellite approsches the sun, then the .et energy cthange experi-
enced by the gatellite in one orbit ab .t the eaxth is a gain of energy, If
the reverse process is ugsed, that is, the black side facing the sun as the
satellite racedes, and the mirror side facing tre sun as the satellite approaches
the sun, then the net energy change in cne orbit s a loss of energy by the
sateliite, Thus, sular radigtion pressure can be made to add or remove energy
from the satelliite,

How can the addition or 9subtraction of energy from the satellite be uged
to overcome orbit perturbations? If energy is added to the sateliite it must
respond by moving to a higher altitude orbit, Therefore, its period of rotation
around the earth becomes longer, so that relative vo other satellites in the same

orbital plane that have remained at the original altitude, the satellite will

€81l back around the ourbit, thus changing its angular position around the orbit

relative to the other satellites, Conversely, ff energy is removed from a satte-
lite, it will change its angular position around the orbit relative to cther
satellites by moving forward around the orbdit, When the satellite has reached
the desired angular position around the orbig relative to the other satellites,
the energy added tc it can be removed, or the energy subtracted from 1t can be
vestored, thus putting the satellite back to its origiiel aititude, This moving
forward or rearvard of a satellite 80 &8s to maintain its poesition around an
orbit relative to other scteilites {3 called station keeping,

How can a passive spherical communications satellite be rotate«’ < as to turn
its mirror or bluack side towaré the sun to accomplish gtation keeping. Thiree

mutually perpendicular electric coils can be placed around the satellite

sad electrical energy to operate them derived from solar cells, When, upon

—— et T - e ¥ e
v e e



&

Yt

X1% -«

command, a coil is energized, the coil \:lgt =gaiast the magnetic field

of the earth und turn the satellite i' suc. wvay that the coil aligns itself
perpendicular to the d.rection of the earth's - ;petic field at the satellite,
Since the position ¢f a satellite around its orbit will be known from tracking,
the direction of the earth's‘magnctic field at the sace.lite relative to the
earth is known and also relative to the sun. Frca solar cells cn the satellite,
perhaps the same ones used ‘o power the coils, the direction to the sun relative
to the satellis. .s known, Thus, the orientatio: of the satellite relative to
the earth's magnecic iield and to the sua are always known, as well as the po-
sitior of the satellite arcund its orbit, Consequently, it-is knows -*ch coil
or cumbination of coils tc tuergize by redio command rfrom the earta to orient
the sercllite 1a any desired direction,

It is to be observed that this method of station keeping of passive commun-
icacions satellites by use of solar radiation pressure and torques produced by
reaction against the earth's magnetic field, has the unique featurz of not ex-
pending anything carried aboard the satellites, and thus, except for eventual
vesring out or failure of some component, can theoretically operste forever,

It i8 thus fundamentally different freom ail other proposed methods cf station
kee¢2ing which expen§ something carried aboard the satellite, such as ges for
cperetion of control jets., It is true that in the se¢1se of this aystem re-
=airirng the placing aboard the p;ssive satellite a few electrical and electronic
cmponents the satellite is no longer purely passive, but it wmust be realized
that the quantity of such components is several orders of magnitude less than is
coatained in an active zatellite, and that most of the corponents are of a
nature such as to be either uneffected oy the space envircnmen® or capable of

being so overd:signed as to insure very long overcting liie, A preliminary
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study of the apnlication’ of this scntrol system to the A-12 icho II 135-foot
diameter spherical passive communications satelllite indicates that all of the
comphnents aboard the satellite wculd weigh between 25 and 50 pounds,

As an indicuation of the economic importance cf this novel method of stavion
keeping of passive commun?cations satellites, the following -pproximate numbersg
of satellites wouid be required for the previously discussed Maine to Ireland
communications link if the satellites are randomly spaced. For 50 percent pro-
babiiity of communications, 21 satellites wouid be needed, For 90 percent pro«
bability of service, 71 satellites, For 99 percent service, 140 zateliitez. ¥For
99,9 percent gervice, 3020 satellites, Thus, to appreach continuous servi:e,
the number of random satellites grows very large, But, if station keeping is
employed, 190 percent probavility of service is achieved with only 30 satellites,
Although these nurbers are only approximate due to the statistical method of com-
puting them, their relative values are correct, ang serve to illustrate the large
reduction in the nunber of satellites rew ired by use of station keeping,

Ocher economic advantages cf ~taclon leeping exist, For exzmple, oa a single
large launching vehicie, a numbe. ° sstellites could be transported into orbit
and released at cne place around the orbit, from which point they can be distrib-
vted ground the orbit by tne station keeping method, Prelim’nary calculations
indicate that the stat{on keeping.method can nlso be used to slowly change orbit
inclination, Tuus, it permits changing che orbits to accommodate changing reeds
of communicaticne system, the making of space between the satellites to accowmwodate
the insertion of additional satellites {f needed, and even the removat from orbit
of damaged or worn out satellites by ilying them back to earth,

Firally, it is to be noted that this method of station keeping 7% passive

communication: satellites which turns radiation pressure upon such satelliies
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from a detrimental into a very beneficinl thing, is nct pussible with the
active satellite because of its Figh density, and, thus, the passive commn-
ications satellite possesses some very important advauntages over the active

satellite,
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APPENDIX

The pascive spherical conmunications sate:lite equation cen be derived
directly using thc more familiar methods customarily emploved with raders,
Comparison of this direct derivatior nere given with that in the main tex:

ot this paper afferds a better insight into che physical significance of the

s £
egiation,

In figure 1A is showw, schematically, a nassive spherical satellile commun-

ications tink, Tt contains a trarsmivcer _ " r:dfo frequencv power output PT;
a transmitting entenna « L gein G,; a 100 percent reflective passive spherical
4

communicatro : .a2.1llite of aiametor d, lc-ated a distance D, from the trans-

1

located a distance D, from the

mitting anterna; & recciving antenna of gain GR, 9

satellite; and a receiver,
1f the transmitting antenna were to radiate icotropically, that is, equally

2
in all directicns, the power density at & distance D, weuld be PT/‘mD1 , where

1

ul

Lmb © is the surtace aree of a sphere of radius D

) centered at the transmitting

1
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artenna, If the transmitting antenna focuses the radiated power into a beanm
directed at the satellite so es to increesse the power density &t distance Dl
by the factor GT’ which is the gain ¢f the tiransmitting antenna relative to

en isotropic radiator; then the transmitted power density at the satellite is
given by equation (1A) of figure 1A, This power density multiplied by the
frontal area ndZ/A of the spherical satellite is then the yower intercepted

by the sstellite, which is given by equation (2A) of figure 1A, and assumes that
the digueter of the satellite ‘s large compared to the wavelergth A of the
radio signul, Assuming that the reflectivity of the surface >f the satellite

to radio waves is unity so that rii power is reflected; and employing the
experimentally and theorstically derived result from both optics and zradin

that a specularly reflecting sphere reflects an incident paraiiel beam equally
in all directions, that is, isotropically; the reflectwad power density at the
receiving antenna is then the power intercepted by the sate11ite divided by

the surface area 4mD 2 ot o sphere of radius D, centered at the satellite, as

2
given by equation (3A) of figire 1A, This power demsity multipiied by the
effective araz AR of the receiving antenna‘is then the power PR at the receiving
antenna terminals, By means of -~;uation 2 of the main text of this paper, which
relates the effective area A o) :m antenna to its gain G and the wavelength

the effective area AR of the receiving antenna is expressed in terms of ite gain

GR and the wavelength A , giving the equation for PR as equation (44) of figure

1A, .his equation is identical to ~quation (6} of the main text of this paper,
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ACTIVE COMMUNICATION SATELLITE SYSTEMS
by
Doren Mitchell

Bell Teliephone Laboratories

I will give a brief description of our Telstar experiment and thea paint out
some interesting engineering comparisons bectween modium orbit and high orbit systems.

I might first very quickly feview the history of intercontinental communications,
The first transatlantic telegraph cabtle was put in service almost 100 years ago, in
1866, The first telephone circuit was in 1927. I well remember it because I was a
young man just startinrg off and I vorked on it., It was long-wave and the quality
was sometimes not very good, but it ralked, Of course, this was followed in the
1930's by a short-wave (HE) and this extended telephone communications pract%gaily
all over the world as of today,

In 1956, we laid the first transatlantic telephone cable. 1t was capable of
carrying 36 telephone conversations with much better quality thar KF., We have in-
creased this to 7Z commercial telephone conversations by the time sharing device
"Tasi', There are now three :ables systems across the Atlantic, The fourth one is

being laid right now, which will have the capacity of 120 voic: channels, and in
addition, as probably many of you know, a new syster is heing designed with the
capacity of 720 voice channels, or une two way medium quality monochrome TV channel,
This raises the question of wiy do we <onsider satellite communication for commercial

purposes.
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There arz three very good reasons. First the tremendously increasing demand

for telephone communication to all pz2rts of the world, second the need for diversity
in types of communications and, third the requirement for high grade communication

to remote parts of the world can only be reached now by HF,

Figure 1 illustrates the growth of telephone traffic calls per year, overseas,

You will notice that it is practically a straight line on logarithmic paper and it's

still rowing at zbouvt this same rate of 20 percent per year., Thus it doubles about

every four years, It would be possibie to provide feor future growth to some points

of the world by laying more cables, particularly of the kigher capacity type, but

this would not take care of the demand for communication o remote parts of the world,

As was weutioned earlier, we make use of microwave radio very extensively to carry a

package of either 600 telephone channels or ure TV channel, That's the standard unit

and this is very wine, but microwaves travel in straight lines and we rherafore need

some kind of a relay up in the sky. This led to the Echo balloon experiments which

wer2 mentioned just previously,

As compared to the Echo 1 experiment, we need a receiver which wiil respond to

1060 times the bandwidth of a single vouice channel and thus it picks up about 30 db

more noise. It is certainly possible to cope with this Ly larger balloons and higher

power tramsmitters, 1 do think huwever thet some rather serious questions would be

raised as to interferrence:.with other services if you got up into hundreds of KW of

i

over in land transmitters.
p

At any rate, we have gone down the rcad of the active satellite, and Figure 2
shows a Telstar satellite like the ones that were yecently launched., Tt has electronic

cquipment onboard, which amplifies the signale about 93 db or about ten million times,

ziving them a fresh start at & level of about two watts,
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It's 34 inches in diameter, and we'ghs about 170 pounds. It receives the
signals, amplifics them, and shifts them to a differeut fraquency, and transnits
them back to the ground. It also has considerable sensing and coatrel equipment
within it, The ;ntenna that receives the & thousand megacvele signals is the band
of smaller npenings around the equator and the anteana that transmits back down at
4 thousan! megacycles, is the band of larger openings.,

These antennas give a fairly uniform pattern around the satellite except in the
directions corresponding to the poles, This satellite is spin su3bilized as a good
many of you may know, énd in this way it is rade to point in a {avorable direction
a large part cf the time,

The electronic equipment is opervated by power from szolar cells, We can see them
in these panels around the outer shin, Each one of these squares has about 100 celis,
fhere are 3600 total. In this satellite the power is not great enough to operate
the equipment continucusly, and for this reasonm, we use a storage battery which can
be turned on by command to operate the t -msmitting amplifier,

Telstar also contains telemetering equipment which operates at around 130 mega-
cycles, using the helical antenna up there,

Incidentally, this is a picture of an earlier model, Figure 3 shows a cutaway
view of Telstar with the antenn: there’ the way it actually is on the two Telstara,
Comaands can be seng to the sateilite and also in rffect, it can be asked questions.
This has been a very impecrtant part of the experiments, 7t has helped to determine
the effects of outerspace environment on all of the components, Onc of the most
important factors is high-energy bombardment and radiation counters,

Typical telemetry quantities are density and energy of electrons and protons
in the Van Allen Belt, tcemperature of the satellite slin and of the interior of the

satellite, pressure inside the satellite, aund radiation effect on the conductors
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and also the conditions of various electronic circuits, All of the components in
telstar, except one, are solid -tate devices, trausistors, diale ard etc., The ovue
vacuum tube is a craveling wave tube amplifler, shown in Flgure 3, which provided
the relatively high ggwer of two wat"s,

Telrrar would have been impossible without the soler cell, the transistor and
the traveling wave tube, all of which were developed at the Bell Laboratories.

The performance of the solar cells is of great concern, We know they don't
maintain their full effeciency when subjected to radiation and heat, These are
p on n cells, mounted on a ceramic base in a platinum frame, and protected from
bombarcment by electrons and protons by coverings of artificial sapphire. These
materials were chosen from the point of view of endurance, All the materi:ls expand
and contract at about the same rate and up to now, there hase been no evidence of
ary difficult with the solar cells, The sapphire is transparent to the light waves,
but atteruates destructive radiation, We believe this type of solar cell should
maintain satisiactory performance tor several wears,

Telstar also has a torquing coil as was mentioned for some of the other satellites
and it was used a courle of times or. Teistar 1. We did not have to use it on Telstar
2 but it can be used te¢ adiust the span axis,

We also have mounted mirrors on three of the blank panels, which do not contain
cells. The mirrors are not shown, they are mevely pieces of very flat alumium, The
purposas ui these mirrors is to reflect brief flashas of sunlighti as the satellite
rotates about is spin axis. The time at which these flashes can be ceen at a par-
ticular observation spot has helved us to determine the direction of the spin axis,
and their rate tells us the spic rate, This has beeu very valuable in interpretation

of the data irom the radiation counters and the heat measuring devices,
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Now a little receut history. Telstar 1 was pus in sibLii in July of 1962, It
failed iirst due tn radiation dumage in November of 1962, It was revived in December
and kept in operation till February oi 't3., 1It's still in orbit and it is rather
interesting, that its spin rate and the attitude of its spin axis are still being
determined and there have been no unexplained perturbatious in either. We are
reasonable certain that radiation.&amage caused the failure in some of the trams-
istcrs a2ssociated with the commend receiver in Telstar 1, These were nearer te the
outer ski.i than most of the other tramsistors and they were incapsulated with inert
gas.

In Telstar 2, we changed this and put in transistors which were evacuated, It
was put ir orbit on May 7, 1963, and performed perfectly up until July léth i tuis
year. But then, as most of you know, it failed suddenly and nysteriovsly, On August
12, on orhit €22, it just as mysteriously re«sponded to the regular vHF comrnnd and
came on agAin, As rearly as we can tell it is working just the samv as it was working
when it left JohannesLurg about 4 weeks ago znd then wouldn't -espond when it went
over Woomera, Australia.*

We have no indication of what caused the failure but it is obvionsly some kind of
intermittent trouble.

It's of iuterest that we were ahle to observe the mirrcr flashes throughout the
whole jerfod that it was out ard up to now, they have indicated no appreciable per-

tuzbat.ons, This does not rule out 4 collision with a very small meteorite bui wakes it

unlike v as the causc of trouble,

e, <t A, Sro——

* As of June 8, 1964 it is still working perfectly,
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Well, vou have seen that we have quite complex electronic equipment to help
give the signal strength for large numbers of telephone channels or IV,

We also need a very sensitive receiving station such as we have at Andover,
Maine. I ailways like this (Figure &) because maybe someday, there -ill be 2 <imiliar
sign reading "moon station'.

The ;ntenna, the sensitive receiver, ¢nd the high powered transmiiter are all

o~
enclosed in the radome Shown in Figure 5, Now, we are looking at the radome from 5
miles away. There it is, it looks like a lost golf ball,

Now, you'll notz that the radome is in a sort of shallow dish furmation in the
surrounding terrain., This site was carefully picked for tlis reason, 1t is desir-
able to have some shielding in all directions from terrestrial microwave systems,

Remember that dp to now at least, we are told, trac tnese systems will have to
share frequencies with regular terrestrial microwave systems. Buur it is desirable
to have the surrounding mountains low enough that a clear view can be obtained down
*o about 5 degrees elevation, Andover, Mzi:~ .2 o of the best sites in the U. S.
from these considerations,

Now we can see that it ie a pretty big golf bzll, TFigure 6 was taken just
shortly after the final radome was inflated and it actually consiste of a very thin
dacreon bas sboul 30U feet in diameter which is kept inflated a: a:' . :iwmes by slight
air pressura,

The electrical performance o: this radome material 1s ve '..Zuu. It's loss in
clear weacher, at microwave freque..ivs, is ornly anout ,15 2l -1 results in added
system noise of about 9 degrees Kelvin,

Figure 7 shows a cutaway view of *h» horg anternna ar. Lhe other equipment in

the radome, The antenna is sort of like 13 giganic air tiuspet. The aperature at
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the open and of the trumpet, is actually €0 x 60 feet. The whole horn is 170 feot
long 2nd with it's equipment weighs about 350 tons. ’

Tae antenna has a beam width ~f only 1/5th of a degree and tc get the desired
performance it wust be pointed with an accuracy of about 1/50th of a degree.

It was the requ* :ement, which led tc covering it with a radome. Otlerwise, wind
would make it very difficult, if noit impossible, to point with the necessary accuracy,
We very recently have found something quite interesting and thar is that the radome
itself brings in certain penalries during rain. Alvhough the dry radome materials
have very low loss, this is not the case when rain produces e thin Jayer of water on
the outside of the radome. Even moderatc rainfall will produce a “airly unifcerm layer
of water about 10 mils thick and we have made messurements rather recently in the lab-
oratories which show that even a layer as thin as this produces considerable reflection
at 4 kme. (4 thousand megacycles).

¥'e have measured loss of about 3% db with a water layer of 10 mils. This, no*

only puts ir an attenuvation but raises the system noise quite ~ubstantially and we
have measured added system noise of about as much as 150 degrees Kelvin, during
moderate rainfall at Andover, Maine, This may mean that uncovered antennas will be
more attractive than ww. »riginally thought particularly for the smaller statioms.
It appears that there will be an engineering compromise between the ljarger antenna
which can be-successfully pointed, even during wind, with a radowe aund the sm.iler
antenna with less gain but which does not suffer the excess degredation during rain.
We're still studying this subject.

Figure & shows the small end of the horn., We ;re inside the radome, where the

radis transmltt  and receiver are located, I think you :an also see tie outer

circular track. The inner one there is not so easily seen, The whole antenna with
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the cabs for equipment and operating personnel revolwe upun chis track and the

inner one. The outer track is about 156 feet {in diameter, the izmer one about 40

feet and they —ere made level to .030 ir:ch, which I think was qui.c 2 feau of

SONRYL L e

e
N

mechanical engincoering. This was dome by rne of che 500 sub-contractors on this

[

job. The motion ailows the hioin to be rotated in azimuth and then the horn can
ai-~ he rotated on its own long axis sc that it can be changed in elevatine, Wc
ce”. thus point at any spot in the sky. »

Pigure ¢ is just a slightly different view from about the same spot and shous

the small cab vp above which has the equirment which needs to be right at the end

b A AL R BT

of the horm.

-

%% Figute 10 shows the interior of the upper cab at the small end of the horn. This
.{? Aevice here, althcogh all you can see is a cabiret, is a very infaresting ome. It

£ - .

B contains the Maser amplifiex. 1It's main operating comporent is a piece of artificial

o X
E

ruby which is imursed in a batl: of liquid helfum, Thus it operates at a temperature

P

bt
=
N

almost absolute zero, actuzlly avout & degrees Kelvir, This allows signals to be

A

effectively picked up and amplified which afe about 3¢ db .r 1 thoucand times w=aker

»-

s
3 ,*ﬁfﬁ_w
it 2

than the uezkest usable signal for ordisarly amplifiers.

Many of you know that low noise amplificrs like the Maser have iﬁrned out to be

EAY

very valuzble in radio astronomy.
A littie digression along this iine may be of interest. The only two spectrum

lines from cuter space which are readily abscrved on eartlh, in the mfcrowave window,

%@@g& Léﬁfg i

e
: -:M“-‘WE’%"“‘_

are hydrogen at 1,42 kilo-megacycles and the Of' radical at 1.667 kmc, Hydrogen
produces a pretty strong signal and it has been seen and measured for quite some

time. Up to now, the OH radical has not been detected but -some astronomers, [ un-

derstand, believe it exists in our galaxy. Jc'c erergy level is sc low thsy it is
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not significant to communications because ot the level of general background noise,
Ore of our people though iz looking into thiz as a sort of research project in astreon-
omy using an 1mproved, very sensitative radiometer rzceiver. We are ~ow revasonably
certain that the energy in this region Jue to OH is less than .1 degrees Kelvin if

in Zact it exists at all, It may ot exist, At least we know it's less than .1
degree K.

The ground trarsmitter is »also locited in the upper cab. It's off back there
where we can't see it, It uses 2 2 XW traveling wave tube. The upper cab contains
primarily the radio equipment which needs to be located nezr the end of the horn.

¥igure '1 shows the equipment in the lower end cab which contrels the pointing -
of the horn,. Two method§ areé used to point. One imvclves using predictior in-
fornatiouf and the other actomatic tracking, Prediciion information is sent over
ordinsrily telephvne facilitiez to the control equipmeant ind ctanm the.. ve used o
point the horn. Once the horn has successfally picked up a satellite, hovevef, u

spe.i2l radio receiver zalled a vernier autotrack starts observing the signals.

T P T

This receiver operates in a manner similav to monopulsu radar. It picke up
the signals in cqudiiferent modes as they come in through the circular wave guide
and compares these modes in amplitude and phase.

This talis whether the satellite iz exactly in the center of the pattern and
signais can be produced, which in effect tells what direction it is out, This i<
used to cause the horc to follow a satellite very precisely during the rest of the
pass. -

Arny new satcllite has to be found and tracked to determine its orbit very pre-

cisely. Figure 12 shows arrangements at a different location about % miles away

po S e W

to do this, They include & precision tracker at the left which is very much like a ¥

4
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£
A
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Bike~Zeus radar and a coarse tracker at the right which operates down at the lower
frequenc: a;gund 130 ke. It's alss used to send tha commands and to receive tel-
emete-’ny information, The building in the ceater contains eguipment to control the
trackers and digest the infurmatiorn receivad,

Figure 13 is an overail view of the control room inside the concrcg building.
The equipment on the first row is used fcr abserving the operation cf the horn anteana
and also for sending and receiving celeme*ering commands. The sanxz equipment, could
be used for quite a large number of sateliites if they were in orbit.

You will rotice that there are several television moaitors in the sccond row
and they are capable of monitoring either a standard picture or a picture of a
ditferent standard such as is used 1n Europe. However, we in the Bell System are not
suppilying the conversicn devices, This would pe the responsibility of the brozdcst-
1n§ companies if they are needed. Up tc now the Europeans have been very kind and
have been- converting at their end.

A computer at the far end of the room digests the tracking information and gets
it ready for actual use by the big horn.

Figure 14 shows ﬁow Telstar is put int the nosecone of a Thor-Delta rccket
similiar to the one actually used for launching. Ac ycu know, we have had 'wo oif
them launched and in each case, we had very fine cooperation from NASA and the other
orgenizations but we paid 3 million dollars fcr eack launch.

Figure 15 shows the Telstar 1 crbit., It is inclined about 45 degrees to tae
equator and is elliprical. At its lowest point it's about 593 miles and it's high-
est point 3500 siles above the earth,

Telstar 2 has a very similiar orbit but ii ranges from 575 to about 6600 miles.

Telstar 1 has a period of 2.6 houres and Telstar 2 has a period of 3.7 hours,



As mentioned in one of the earlier talks, such an orbit would not be desirable
for commercial systems. It actually was desirable though for these experiments
because this made the two satellites move in and out of some of the most intense
prriions of the Van Allen Belt and we were in this way able to get a lot of valuable
data on radiation.

Tt's quite apparent that a usable commerciai system wouid Tequire a good many
low level satellites and thevy ought to have higher orbits which should be circular,
ideally,

As oY right now, we believe that the hest engineering compromise for a system
that migh% be cctivated in the next few years is = height of around 6000 miles and
it appears that about 25 satellites in such an orbit would give reasonably good
service for EBurope and the Orient.

Figure 16 illustrates a multiple sateilite system using polar orbits. This type
of system bringsin another problem which has also been mentioned, It ic necessary
to switch from one satellite to the other, as the first one goes out of view and the
next one becomes avaiiable, Ircidentally, a commercial system we believe, should
have some polar orbits arnd some inclined, about half and haif,

Figure 17 illustrates this important cperational problem. We would have to have
several radomes and several antennas for a medium orbit system. Probably three as a
minimum, to allow for maintance and occasional troubtle. It wouid be necessary to be
atle tb switch from one to the other very quickly so as not to disrupt service,

There is alse another very important operational problem, Any one satellite
will often he visible to many ground stations so it is necessary to somehow
adequately-assigntheir use td the different stations. This problem is both tech-

nical and administrative. It uapgears that one or wmore assignmwent centers would
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e needed in the world to obtain and digest orbit information on a large number of
setellites. A large computer would then work out the most efficient assignment tak-
ing into account traffic and all other problems. Cf course, there also is a very
biz sdminictrative 7-d business probiem in working out all the arrangaments with

the different nations and so on. This is one of the jobs the Satellite Corporation
will be tackling.

Another unusual featurs of 2 satellite is that after it's launched, it resliy
becomes a part of rature, and tc all practical purpnses, is beyond the direct con-
trol of human beings. It can be used or misused by anyone on earth who has a
techniical .capability of building ground equipment. Submariné cables 3re subject
to physical damage but a satellite is subject to other tynes of difficulty, These
questions, are broadly similiar to questioans that we have had with as for many years,
involving interferrance and. allccation of frequencies and zo on. They are being
coksidcred very seriously by the PCC and international bodies sﬁch as CCIR and CCiTT.

Figure 18 is a simplified illustration of the 24-hour satellice system. ic
shows three sateilites at just the right alticude of 22000 miles so that their period
of rotation is the same as the rotation of the earth, 1f thsy are launched in an
easterly direction and in an equiterial orbit, tﬁey seem tc be ixed above a given
spot nn the equator,

Now, this system has scme important advantapes., I. would zliow us to get by
with simplier ground antennas, since the tracking oroblem would be so much simplier.

Fewer satellites would be needed because they would be visibie aver greater areas.

Theoretically, three would be enough to cover the whole ear:n but I wcild
imagine that for practical systems you would “dlmost certain need about six as insur-

ance against failure, Sc¢ it is apparent thau this system has many atcractive featuves,
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We are actively studying it in comparisons tc other systems. There are two dis-
advantages though that are rather important. One is the round trip delay which over
one link of such a circuit is about 6/10th of a second. This is three times that of
a lower orbit system and nearly five times that of a present day Hawaii - Lundog
conme-ction, which is the longest that we ever get as of now.

The other problem is the technical problem of putting a satellite into such a
hivh and precise orbit. Syncom has been put into orbit quite snccessfully and 1
think it is a very fine accomplishmert and this makes it look az thoug! this problem
will be solved someday.

* The delay has no effect on rclevision relays but it do:s have important effects

on telephone conversationms,

Probably many of you know that this subject has been under intemse study by a
good many nrganizations in the iast few years. - -

I would like to read a few excerpts from a draft recommendation which was put
out July 3 of this year by the CCITT. "In June, 1962, Study Group 12 proposed to

recomuend as a maximum, allowable limit, a round trip propagation time be¢tween sub-

scribers of 700 miliseconds in the abswnce of Echo or Echo supressors., Data submitted

or. the effects of propagation time alone shows sume user dissatisfaction with delays
of 600 miliseconds but study group 12 proposes teo retain the 700 miliseconds limit
for the Echo condition.”

"Fugther experiments with Echo and several commercial and experimental Echo
surpressors show a strong user reaction as delay is increassd toward 700 miliceconds.
Rejection rates by test subscribers a8 a function of delay are of serious concern
in comrercial telée¢phany, and provide a‘stronghincentive to minimize the delay ig

international connectioas."
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"On the basis of thiese recommenuations of atudy group lé proposes to recommend
the foliéwing limitations on rowmd trip délay when Fcho exists and present day types
of Echo surpressors are used.,”

"Recomuended delay limit 300 miliseconas. This limit should be met by
substantially all telephone circuite on tlie major communications routes,”

’"Maximuz delay limit 650 miliseconds. There will be sowe communications routes
in the range of 4000 to 15000 miles where there rre stroag techcical and economical
reasons for exceeding the shorter limit.,"

"This maximum of 650 should be approached only iﬁ those ases where the only
practical alternative to a longer delay is a circuit which cannot‘meet the CCITT
standards of transmission, For example, HF radio.”

We agree with these recommendations and ‘n fact jome of the data used in arriving
at them came from tests made in cur laboratories. We expect to publish the results
of these tests before the end of rh:s year.

It might be of interest at this point to consider ‘the use of the medium orhit
and 24-hour orbit system for data transmission, We have s2nt data of every speed
from 75 bits per second up:;o 875 kilobits per second over Telstar. The tests in-
dicated that a satellite in effect provides a very high grade broad band communication
link. Thus it appears that this broad baud facility can probably be best utilized
in ways basically similiar tc those vsed for present day ground facilities, The
Telpax approach looks very promising,

The 24~hour system has of course, much less doppler shift but it will have a
small residual doppler shift, We don't helieve that the doppler shift is an im-

portant problem in either one, so that's about a tossup.
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Figure 19 indicates how the time parameters of the medium orbit and 24-hour
satellite orbit would translate into time dimensions fox different data speeds. It's
of interest that when tranzmitting high speed data a considerahie number of data
blocks are stored, irn effect, in the satellite link. The slide shows that some
blocks might either be lost or transmitted twice at typical switch from one medium
crhit satellite to another.

Figuve 20 illustrated how relatively large delay t<mes might effect data trans-
mission, I think the inteiesting po;nt is what would nappen if you have an error.

I'm assdming that this data system like a great many of the commercial ones requires .

L

a check-back for every tlock that is sent and a block would be about 8000 bits. Thus
in this illustration if there was an error in a block, the station at A would not know
it until about 10 blocks lat;;. In this kind of system, this should no: be too ’
di%ficult to handle, because we could number the blocks, by sending just a few extra
bits along with each block. The blocks would be identified an <o would the responses
so if the blocY number five, for instance, was in error, as received at station B,
response nnber five would indicate tiis, for station A and it cculd go back and statrt
sending over again at block number five.

T thiun¥ the interesting thing here is that it seims to turn out that this is
almost a tesc-up too, botween he 24-hour and the medium orbit, It will be necessary
to have this resbonse and retrainsmisgion anyway in a good nany data systems because
errors may occur fcr a variety of causes including the computer: chemselves sometimes,
which requ}re retransmission., This assumes it is the kind of ccmputing problem where
vou can't jﬁst throw away poor daré. So, thias kirs of arcangement would take care

of interrupticns for any ceuse, whe.her it was duc to a swiich from one matellite to -

another ov something went wrong in @ land liae or human mistake or anything else,
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ft is true that the 24-hour satellite system would be a little bit slower on
its feet than the wedium orbit for data, fhis might be of importance in some com-
puter problems. I am not enough cf a computer man te know just how important this
ise I ~ve a feeling that in most prodlems it would »e relatively minor,

8o, summing up the comparison, it appears that both tie medium crbit and the
24-hour orbit system have advantages and Jisadvantages. It may wt:ll turn out that
the ultimate answer would be <o have both systems, -

One other interesting point in connection though, with a radom orbit multiple
gatellite system, is that there will be more than one satellite in view during quite
a sizeable percentage of the time, For instance, we have found that if we consider
a random orbit system to provide 39 percent reliability between here aud Surope, there
will be a second satellite visible about 90 percent of the time, It wculd seem that
the requirergnts for TV might be very adequately handled by links which are availahle
about 90 percent of the time.

I think it is also apparent that portions of frequency space in a satellite might
be ured for either pulse transmissior or analog voice tranamission,

There séems to be no reason why different parts of the band could aot be used
for each through :be same satéllite. This is aimed at the well known problem of
multiple access which is quite important, partivularly if satellite systems are used,
for communications with some of the lesser developed parts of the worid, So, an
appreach broadly similar to Telpak could provide 2 flexiasble 3rrangement to exploit
either the voice or data capabilities of a given bandwidth through any satellite,

Our Telstar experiments have given preliminary answers to many crucial technical

questions but Telstar, it seems to me, might be thought of as step one in this business,

Perhaps it shouwld share too with Relay, They xre similar in many ways.
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To me, though, the most outstandiny Seature of all the satellice work his been
the cocperation between many, many industria! concerns, goverment agencies, and all

sorts of organizations in other nationsi all over the worid,
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.+ BASIC SATELLITE- SYSTE
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EFFECT Of TIME PIRAMETERS

IN DIFFERENT SATELLITE SYSTEMS

ON DATA TRANCMISSIOlN

DATA SY3TEM

200 BITS/SEC.
BITS IN SPACE (ONE WAY)

2.4 KILOBITS/SEC.
BITS IN SPACE (ONE WAY)
MAX. BITS PER SWITCH*

40.8 KILOBITS,/SEC.
EITS IN SPACE (ONE WAY)

BLOCKS IN SPACE [# KILOBITS
-196 MS)

MAX, 3LOCKS PER SWITCH*

575 KILOBITS/SEC,
BITS. IN SPACE (ONE wWAY)

BLOCKS IN SPECE (& XKILOBITS
- G.1 M3)

MAX. BLCOCKS PER SWITCH®

A

* MAXINMUM NUMBZR OF BITS Of
BLOCKE LOST YR SENT TWICE
DUE TO 20 MS DELAY JUMP,

MELIUM ORBJIT
9% M5 DELAY)

24 HOUR OPBIT
(270 MS DELAY)
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Figure 19
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SATELLITE SYSTEM USED FOR
DATA COMMUNICATION

SAT.
» "‘
N\
//,,,/\\. ‘/gi‘.\\\\
{ LN s .
= Zr N ; e
= Au} D= t+1 .&— B |
P | 2 ______"—
GROUND GROUND
STATION STATION
SYSTEM
BLOCKS L
ATRANS [12]1314|s516]{7l8]90IIiI2]
REC |J—D———D— [ 0 0 U I___
RESPONSES ! 2345
123456789101
BTRANS o hinpnnnnanon
REC [112]3]4]5]6]7I8[Slo[mig]
" TIME DIAGRAM

TYPICAL BLOCK=1000 CHARACTERS OF
8 BITS=80GC0 BITS
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